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a p p l i e d  s p e c i f i c  f o r c e  component a long  t h e  a i r  v e l o c i t y  v e c t o r  
a p p l i e d  s p e c i f i c  f o r c e  component normal t o  t h e  a i r  v e l o c i t y  




a l l  a p p l i e d  s p e c i f i c  f o r c e s  t h a t  can  b e  gene ra t ed  by t h e  regu- 
l a t o r  a t  f i x e d  f l a p ,  g iven  (x,P) f 
a l l  a p p l i e d  s p e c i f i c  f o r c e s  t h a t  can b e  gene ra t ed  by t h e  regu- 
l a t o r ,  a t  f i x e d  f l a p  and nozz le ,  g iven  ( Z , F )  
- 
a a c c e l e r a t i o n  v e c t o r  
- 
ac commanded a c c e l e r a t i o n  v e c t o r  
- 
a a p p l i e d  s p e c i f i c  f o r c e  from engine  and aerodynamic f o r c e s  
aPP 
co ld  t h r u s t  c o e f f i c i e n t  
a i r c r a f t  l i f t  and d r a g  c o e f f i c i e n t s  
cJ 
‘L 9 ‘D 




E e l l i p t i c a l  r e g i o n  
FA,FE aerodynamic and engine  f o r c e s  
F* (41 , V e l  f l a p  schedule  
f 
r e g u l a t o r  c o n t r o l  margin w i t h  f i x e d  f l a p  and a n g l e  of a t t a c k  
r e g u l a t o r  c o n t r o l  margin w i t h  f i x e d  f l a p  and t h r o t t l e  






a l l  f l i g h t  c o n d i t i o n s ,  (x,;), f o r  which t r i m  s o l u t i o n s  e x i s t  
a l l  f l i g h t  c o n d i t i o n s ,  (x,:), f o r  which o p e r a t i o n a l l y  a c c e p t a b l e  
t r i m  s o l u t i o n s  ex is t  
g g r a v i t a t i o n a l  a c c e l e r a t i o n  
h a l  t i tud e 
p o s i t i o n  e r r o r  feedback g a i n  KR 
LM l i f t  margin 
V 
s" 














eng ine  m a s s  f low rate 
eng ine  power, p e r c e n t  r e f e r e n c e  rpm 
d e s i g n  regime f o r  p 
v e c t o r  of parameters  i n  t h e  t r i m  e q u a t i o n s  (W, T, 6)  
s t a n d a r d  case parameter v a l u e s  
dynamic p r e s s u r e  
r a d i u s  of c u r v a t u r e  
a i r c r a f t  p o s i t i o n  v e c t o r  from runway a x e s  o r i g i n  
commanded a i r c r a f t  p o s i t i o n  v e c t o r  
wing area 
c o n t r o l  s e n s i t i v i t y  matrices f o r  f i x e d  nozz le  and f i x e d  t h r o t t l e  
r e g u l a t o r s  
e q u i v a l e n t  t h r u s t  of co ld  p r e s s u r i z e d  eng ine  a i r  exhausted 
through augmentor f l a p  
engine  exhaus t  t h r u s t  
t i m e ,  sec 
- 
a l l  v a l u e s  of u f o r  which a i r c r a f t  f o r c e  model is  de f ined  
- 
a l l  s o l u t i o n s ,  u ,  of trim e q u a t i o n s  f o r  t h e  f l i g h t  c o n d i t i o n  
G , P >  
- 
a l l  o p e r a t i o n a l l y  a c c e p t a b l e  t r i m  s o l u t i o n s ,  u ,  f o r  t h e  f l i g h t  
c o n d i t i o n  (x,p) 
v e c t o r  of c o n t r o l  v a r i a b l e s  i n  t h e  t r i m  equa t ions  ( 6 f ,  v, a, ") 
speed w i t h  r e s p e c t  t o  runway axes  
a i r  speed - 
V A J t  
e q u i v a l e n t  a i r s p e e d ,  
a i r c r a f t  v e l o c i t y  v e c t o r  w i t h  respect t o  runway axes  
a i r c r a f t  v e l o c i t y  v e c t o r  w i t h  r e s p e c t  t o  a i r  m a s s  
commanded a i r c r a f t  v e l o c i t y  v e c t o r  

















a i r c r a f t  weight  
s t eady  wind (mean a i r  m a s s  v e l o c i t y  w i t h  r e s p e c t  t o  runway axes )  
- 
des ign  regime of x 
- - 
a l l  v a l u e s  of x f o r  which a t r i m  s o l u t i o n  ex is t s ,  g iven  p 
a l l  v a l u e s  of x f o r  which an  o p e r a t i o n a l l y  a c c e p t a b l e  t r i m  
- 
- 
s o l u t i o n  ex is t s ,  g iven  p 
f l i g h t  envelope abuse b u f f e r  regime, g-gA 
v e c t o r  l i s t  of p a t h  v a r i a b l e s  (VE, AU, AN) used i n  t h e  t r i m  
equa t ions  
ang le  of a t t a c k  
s i d e s l i p  a n g l e  
f l i g h t - p a t h  ang le  of v wi th  r e s p e c t  t o  h o r i z o n t a l  p lane  
f l i g h t - p a t h  ang le  of % wi th  r e s p e c t  t o  h o r i z o n t a l  p lane  
atmospheric  p r e s s u r e  r a t i o  
e l e v a t o r  ang le  
t r i m  v a l u e  of 
f l a p  a n g l e  
rudder  a n g l e  
engine t h r o t t l e  l e v e r  a n g l e  
a i l e r o n  wheel c o n t r o l  a n g l e  
body a x e s  Euler  p i t c h  a n g l e  
'e 
engine exhaus t  nozz le  a n g l e  
nozz le  schedule  
a tmospheric  d e n s i t y  
a tmospheric  tempera ture  r a t i o  
body axis Euler  r o l l  a n g l e  
t h e  n u l l  se t  
v i i  
d i r e c t i o n  of a p p l i e d  normal a c c e l e r a t i o n ,  AN, from v e r t i c a l  - 
p lane  con ta in ing  VA 4, 
$ body axis  Eu le r  heading a n g l e  
heading a n g l e  of 




w angu la r  v e l o c i t y  of a i r c r a f t  body axes  
- 
S u b s c r i p t s  and S u p e r s c r i p t s :  
commanded v a l u e  of ( ) 
v a l u e  of ( ) on t h e  nominal approach p a t h  
( ) c  
( )NOM 
- 
0 v e c t o r  
(3 
i x f ( x )  Jacobian  of f ( x )  w r t  x 
e s t ima ted  o r  approximated v a l u e  of ( ) 
Axes, Vectors  and Transformation Na ta t ion :  
_ - -  
i , j  , k  or thogonal  u n i t  v e c t o r s  d e f i n i n g  r ight-handed axes frame 
g,m,n pa th  axes  r e f e r e n c e  frame 
P -  
v e c t o r  g iven  by i t s  components i n  frame f ;  f may be s ( s t a b i l i t y  
a x e s ) ,  b (body a x e s ) ,  p (pa th  a x e s ) ,  o r  r (runway axes)  ( I f  
t r ans fo rma t ion  of v e c t o r s  r e f e r r e d  t o  a x i s  frame f ,  i n t o  v e c t o r s  
T f 2 f l  r e f e r r e d  t o  a x i s  frame f 2  
( 1'1 v e c t o r  o r  ma t r ix  t r anspose  
v i i i  
CONFIGURATION MANAGEMENT AND AUTOMATIC CONTROL OF AN AUGMENTOR 
WING AIRCRAFT WITH VECTORED THRUST 
L u i g i  S. C i c o l a n i ,  B. S r idha r ,*  and George Meyer 
Ames Research Center  
SUMMARY 
An advanced s t r u c t u r e  f o r  au tomat i c  f l i g h t - c o n t r o l  l o g i c  f o r  powered- l i f t  
a i r c r a f t  o p e r a t i n g  i n  t e r m i n a l  areas i s  under i n v e s t i g a t i o n  a t  Ames Research 
Center .  Th i s  s t r u c t u r e  is  based on a c c e l e r a t i o n  c o n t r o l ;  a c c e l e r a t i o n  commands 
are c o n s t r u c t e d  as t h e  sum of a c c e l e r a t i o n  on t h e  r e f e r e n c e  t r a j e c t o r y  and a 
c o r r e c t i v e  feedback a c c e l e r a t i o n  t o  r e g u l a t e  p a t h  t r a c k i n g  e r r o r s .  The c e n t r a l  
element of t h e  s t r u c t u r e ,  termed a Trimmap, u s e s  a model of t h e  a i r c r a f t  
aerodynamic and engine  f o r c e s  t o  c a l c u l a t e  t h e  c o n t r o l  s e t t i n g s  r e q u i r e d  t o  
g e n e r a t e  t h e  a c c e l e r a t i o n  commands. The feedback c o n t r o l  d e s i g n  f o r  n o n l i n e a r  
p l a n t s  i s  s i m p l i f i e d  by t h i s  s t r u c t u r e ,  s i n c e  t h e  t r a n s f e r  f u n c t i o n  of t h e  
c o n t r o l l e d  element  ( t h e  Trimmap-aircraf t  combinat ion)  is  approximate ly  u n i t y  
a t  a l l  c o n f i g u r a t i o n s  and f l i g h t  c o n d i t i o n s .  F u r t h e r ,  c o n s i d e r a t i o n  of p l a n t  
n o n l i n e a r i t y  i s  i s o l a t e d  i n  t h e  Trimmap and t h e  n o n l i n e a r i t y  is  a l g e b r a i c  
r a t h e r  t han  dynamic. 
Th i s  r e p o r t  d e s c r i b e s  t h e  d e s i g n  c r i t e r i a  f o r  t h e  Trimmap and d e r i v e s  a 
Tr immap f o r  Ames' exper imenta l  augmentor wing j e t  STOL r e s e a r c h  a i r c r a f t .  The 
p r i n c i p a l  problems are  a s s o c i a t e d  w i t h  c o n t r o l  redundancy ( t h e r e  are two more 
c o n t r o l s  t han  necessa ry  t o  g e n e r a t e  any g iven  a c c e l e r a t i o n  command) and model 
n o n l i n e a r i t y .  Cont ro l  redundancy i s  r e s o l v e d  us ing  a s t o r e d  c o n f i g u r a t i o n  
schedu le  which se lec ts  two of t h e  c o n t r o l s  ( f l a p  and engine  exhaus t  nozz le )  
as a f u n c t i o n  of t h e  r e f e r e n c e  f l i g h t  c o n d i t i o n ,  wh i l e  t h e  remaining two 
c o n t r o l s  ( e l e v a t o r  and t h r o t t l e )  are computed on t h e  b a s i s  of  t h e  t o t a l  
a c c e l e r a t i o n  command and t h e  a i r c r a f t  f o r c e  model. The c o n f i g u r a t i o n  
schedu le  is des igned  o f f - l i n e  t o  op t imize  conf igura t ion-dependent  parameters  
of i n t e r e s t  s u b j e c t  t o  o p e r a t i o n a l  c o n s t r a i n t s  on c o n t r o l s  usage ;  t h e  p r e s e n t  
concept  maximizes l i f t  margin and r e g u l a t o r  c o n t r o l  margin.  The a l g e b r a i c  
n o n l i n e a r i t y  of t h e  f o r c e  model i s  t r e a t e d  u s i n g  p iecewise  l i n e a r  
d e s c r i p t i o n s  of t h e  model ove r  i t s  f i n i t e  domain; t h u s ,  model accuracy  is  
c o n t r o l l e d  by t h e  number of p i e c e s  and t h e  model i s  i n v e r t e d  by s o l v i n g  
l i n e a r  equa t ions  f o r  each of a f i n i t e  number of p i e c e s .  
The au tomat ic  c o n t r o l  system, i n c l u d i n g  t h e  Trimmap desc r ibed  i n  t h i s  
paper ,  w a s  s u b j e c t e d  t o  s i m u l a t i o n  tests us ing  a r i g o r o u s  STOL approach 
t r a j e c t o r y .  These tes ts  demonst ra te  t h e  system re sponse  t o  low-frequency 
i n p u t s ,  i n c l u d i n g  maneuver commands, Trimmap model e r r o r s ,  and s t e a d y  winds.  
The proposed Trimmap m a i n t a i n s  an  op t ima l  c o n f i g u r a t i o n  and c o o r d i n a t e s  a l l  
*NRC P o s t d o c t o r a l  Research Assoc ia t e .  
c o n t r o l s  d u r i n g  any maneuvers w i t h i n  t h e  t e r m i n a l  area o p e r a t i o n a l  domain 
and i n  r e sponse  t o  s t e a d y  winds; and i t  compensates a u t o m a t i c a l l y  f o r  model 
e r r o r s .  
INTRODUCTION 
An e f f o r t  i s  under  way a t  Ames Research Center  t o  d e r i v e  methodology f o r  
au tomat i c  f l i g h t - c o n t r o l  l o g i c  f o r  powered- l i f t  V/STOL a i r c r a f t  f l y i n g  i n  t h e  
t e r m i n a l  approach area and t o  app ly  t h e  methodology t o  s p e c i f i c  a i r c r a f t  t o  
demonst ra te  i t s  f e a s i b i l i t y .  
Among t h e  powered- l i f t  concepts  c u r r e n t l y  be ing  developed are t h e  
augmentor wing, t i l t  r o t o r ,  l i f t  f a n ,  and e x t e r n a l l y  blown f l a p .  When com- 
pared t o  conven t iona l  a i r c r a f t ,  t h e s e  a i r c r a f t  pose several s p e c i a l  f l i g h t -  
c o n t r o l  l o g i c  problems. F i r s t ,  t h e  u s e  of powered l i f t  a t  l and ing  e n t a i l s  
l a r g e  changes i n  t h e  conf igu ra t io \n  of t h e  a i r c r a f t  from i t s  conven t iona l  
c r u i s e  c o n f i g u r a t i o n  t o  t h e  powered- l i f t  l a n d i n g  c o n f i g u r a t i o n .  A s  a r e s u l t ,  
aerodynamic f o r c e s  are conf igu ra t ion -  and power-dependent and are s u f f i c i e n t l y  
n o n l i n e a r  t h a t  t h e  conven t iona l  method of approximat ing  a n o n l i n e a r  p l a n t  by 
a series of l i n e a r  p e r t u r b a t i o n  models a t  d i f f e r e n t  nominal f l i g h t  c o n d i t i o n s  
and c o n f i g u r a t i o n s  may r e q u i r e  p r o h i b i t i v e l y  l a r g e  numbers of such models i n  
o r d e r  t o  p rov ide  s t a b l e ,  near-optimum t r a n s i e n t  r e sponse  over  t h e  f u l l  f l i g h t  
envelope.  Even a t  a s i n g l e  f l i g h t  c o n d i t i o n ,  t h e  v a r i a t i o n  of f o r c e s  w i t h  
c o n t r o l s  may b e  s u f f i c i e n t l y  n o n l i n e a r  t h a t  n o n l i n e a r  t r a n s i e n t  r e sponse  i s  
ob ta ined  from l i n e a r  c o n t r o l  l a w s .  I n  a d d i t i o n ,  V/STOL a i r c r a f t  a c h i e v e  
powered l i f t  by a w i d e  v a r i e t y  of des ign  concepts  w i t h  r a d i c a l l y  d i f f e r e n t  
c o n t r o l  c h a r a c t e r i s t i c s  and aerodynamic f o r c e  models; consequent ly ,  t h e  
methodology should  accommodate t h e s e  v a r i a t i o n s  s y s t e m a t i c a l l y .  
A second compl ica t ing  f e a t u r e  is  c o n t r o l  redundancy; t h a t  is ,  some STOL 
a i r c r a f t  have a nove l  c o n f i g u r a t i o n  c o n t r o l  such  as t h e  engine  exhaus t  n o z z l e s  
of Ames' augmentor wing j e t  STOL r e s e a r c h  a i r c r a f t  (AWJSRA) o r  t h e  m a s t  ang le  
of t h e  t i l t  r o t o r .  Consequently,  t h e r e  are many c o n t r o l  s e t t i n g s  which trim 
t h e  a i r c r a f t  a t  a g iven  f l i g h t  c o n d i t i o n  and, i n  f a c t ,  f o r  t h e  AWJSEU t h e  set 
of such t r i m  s e t t i n g s  has  two degrees  of freedom. The au tomat ic  c o n t r o l  
system must r e s o l v e  t h i s  redundancy and do s o  a u t o m a t i c a l l y  and o p t i m a l l y  f o r  
a l l  p a t h s  w i t h i n  t h e  approach f l i g h t  regime. 
Thi rd ,  t h e  response  of a i r c r a f t  conrtrols  w i l l  v a r y  cons ide rab ly  w i t h  
c o n f i g u r a t i o n  so  t h a t  t h e  u s e  of t h e s e  c o n t r o l s  t o  r e g u l a t e  p a t h  e r r o r s  must 
a l s o  v a r y  wi th  c o n f i g u r a t i o n  du r ing  a n  approach.  For redundant ly  c o n t r o l l e d  
a i r c r a f t  t h e  novel  c o n t r o l  may a l s o  be s u i t a b l e  f o r  r e g u l a t o r  usage  and 
thereby  provide  a d d i t i o n a l  c o n t r o l  margin.  
F i n a l l y ,  i t  i s  a n t i c i p a t e d  t h a t  STOL a i r c r a f t  w i l l  o p e r a t e  i n  t e rmina l  
areas i n  con junc t ion  w i t h  advanced a i r  t r a f f i c  c o n t r o l  (ATC) and guidance 
systems which make f u l l  u se  of STOL c a p a b i l i t y  f o r  s t e e p  d e s c e n t s  and low- 
speed maneuverab i l i t y  and w i l l  command four-dimensional  ( t ime  of a r r iva l  and 
pa th )  approaches  i n  l i m i t e d  a i r s p a c e .  The o u t p u t  set  of t h e s e  systems i s  
assumed t o  c o n s i s t  o f  any t r a j e c t o r y  w i t h i n  t h e  f l i g h t  envelope l i m i t s  of t h e  
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a i r c r a f t ,  and w i t h i n  passenger  comfort  
au tomat ic  f l i g h t - c o n t r o l  system should 
and o p e r a t i o n a l  c o n s t r a i n t s .  The 
b e  a b l e  t o  couple  t h e  powered- l i f t  STOL 
a i r c r a f t  t o  such a system and t h e  d e s i g n  methodology must accommodate i t s  f u l l  
ou tpu t  set. I n  v i e w  of t h e  complex i t i e s  involved  i n  f l y i n g  t h e s e  a i r c r a f t ,  
e i t h e r  manually o r  a u t o m a t i c a l l y ,  i t  can  be  assumed t h a t  an  a i r b o r n e  d i g i t a l  
computer and a s s o c i a t e d  c o n t r o l  a c t u a t o r s  w i l l  b e  a key element  i n  V/STOL 
f l i g h t  c o n t r o l  and t h e  methodology can  assume such  a d i g i t a l  system. 
Automatic Cont ro l  System Dzsign S t r u c t u r e  
A l o g i c a l  s t r u c t u r e  t o  accommodate t h e s e  problems i s  proposed i n  r e f e r -  
ence 1. A b lock  diagram o u t l i n i n g  t h e  main e lements  i n  t h a t  s t r u c t u r e  f o r  
i t s  a p p l i c a t i o n  t o  t h e  AWJSRA is  shown i n  f i g u r e  1. The system is  t o  be  
capab le  of execu t ing  four-dimensional  t r a j e c t o r i e s  as r e q u i r e d  by a n  advanced 
ATC system c o n t r o l l i n g  t e r m i n a l  area STOL o p e r a t i o n s ,  and t h e s e  may be  any 
t r a j e c t o r i e s  w i t h i n  a domain bounded by a i r c r a f t  performance l i m i t s ,  passenger  
comfort  c o n s t r a i n t s ,  and o t h e r  o p e r a t i o n a l  c o n s i d e r a t i o n s .  These are  assumed 
t o  be  c o a r s e l y  d e f i n e d  commands; f o r  example, sequences of s t r a i g h t  l i n e  and 
c i r c u l a r - a r c  l e g s .  The command gene ra to r  element of t h e  l o g i c  i s  a n  i n t e r f a c e  
whose f u n c t i o n  i s  t o  modify t h e  ATC command a s  necessa ry  t o  s a t i s f y  
o p e r a t i n g  c o n s t r a i n t s  on maneuvering and on t h e  l i m i t s  of  a i r c r a f t  maneuver 
c a p a b i l i t i e s ,  and which minimizes  t h e  maneuvering a c t i v i t y  r e q u i r e d  t o  fo l low 
t h e  ATC command. T h e o r e t i c a l  development of t h e  command gene ra to r  and 
s i m u l a t i o n  tes t  r e s u l t s  are p resen ted  i n  r e f e r e n c e  2 .  
The ou tpu t  of t h e  command g e n e r a t o r  i s  a t ime-varying nominal t r a j e c t o r y :  
which i s  assumed g iven  i n  i n e r t i a l  o r  runway c o o r d i n a t e s . ’  
e lements  of t h e  c o n t r o l  l o g i c  - t h e  p a t h  r e g u l a t o r ,  Force Trimmap, and 
a t t i t u d e  c o n t r o l -  t r a c k  t h e s e  commands. A s p e c i a l  f e a t u r e  of t h e  c o n t r o l  
s t r u c t u r e  shown i n  f i g u r e  1 is t h a t  t h e  p a t h  i s  t r acked  on t h e  b a s i s  of 
a c c e l e r a t i o n  commands. The nominal p a t h  a c c e l e r a t i o n ,  ac r ,  and a c o r r e c t i v e  
feedback a c c e l e r a t i o n ,  A a r ,  c a l c u l a t e d  from p a t h  e r r o r s ,  are summed t o  form 
t h e  t o t a l  ? c c e l e r a t i o n  command, act,. The r e g u l a t o r  c o n t r o l  l a w ,  
Aar(RCr - R r ,  VCr - Q r ) ,  o p e r a t e s  on e r r o r s  from t h e  r e f e r e n c e  p a t h ;  i t  i s  
l i n e a r  f o r  s m a l l  e r r o r s  w i t h  l i m i t i n g  i n  accordance w i t h  t h e  d e s i r e d  accelera- 
t i o n  a u t h o r i t y  f o r  t h e  r e g u l a t o r  and a c c e l e r a t i o n  ra te  c a p a b i l i t i e s  of t h e  
a i r c r a f t .  Th i s  c o n t r o l  l a w  s p e c i f i e s  t h e  d e s i r e d  t r a n s i e n t  dynamics of t h e  
a i r c r a f t  and cont ro l - sys tem combinat ion and t h e s e  dynamics are achieved i n  
accordance w i t h  t h e  accuracy  w i t h  which t h e  remaining c o n t r o l  system t r a c k s  
t h e  a c c e l e r a t i o n  commands. 
The remaining 
lThe r e f e r e n c e  frame i n  which a v e c t o r  i s  expressed  i s  i n d i c a t e d  by 
s u b s c r i p t s ;  t h e  s u b s c r i p t s  r ,  b ,  s ,  and p r e f e r ,  r e s p e c t i v e l y ,  t o  runway, 
body, s t a b i l i t y ,  and p a t h  axes .  When a r e f e r e n c e  frame is  s p e c i f i e d ,  t h e  
s u p e r s c r i p t  b a r  is  dropped from t h e  v e c t o r  n o t a t i o n .  
The c o n t r o l  s e t t i n g s  necessa ry  t o  g e n e r a t e  t h e  commanded a c c e l e r a t i o n ,  
ac,, are c a l c u l a t e d  i n  t h e  Force Trimmap element  of  f i g u r e  1 as s o l u t i o n s  
of t h e  a i r c r a f t  force-ba lance  o r  " t r i m "  e q u a t i o n s  and a d d i t i o n a l  k inemat ic  
r e l a t i o n s .  The Trimmap o u t p u t s  are commands d i r e c t l y  t o  c o n t r o l  s e r v o s  
{ 6 f ,  6,, v,  6 e T )  and t o  a n  a t t i t u d e  c o n t r o l  subsystem {$ ,  8, J I ,  Wb}. 
l a t t e r  are E u l e r  a t t i t u d e  a n g l e s  and body axis components of a n g u l a r  v e l o c i t y .  
Denoting a model of  t h e  a i r c r a f t  engine  and aerodynamic f o r c e s  as: 
These 
A - 
a = f (V,i i ,p)  
A 
where f n e g l e c t s  p l a n t  dynamics and is  based on a v a i l a b l e  d a t a  from theory ,  
wind-tunnel tests o r  f l i g h t  tests,  then  t h e  Trimmap is  a p a r t i a l  i n v e r s e  of 
t h i s  model and has  t h e  form: 
- 
u = g(aC,V,P) 
C 
The Trimmap p rov ides  dynamic trimming of t h e  a i r c r a f t  because acr i s  time- 
va ry ing  du r ing  a n  approach,  b u t  i t  can be  assumed t h a t  t h e  bandwidth of acr 
i s  low compared t o  t h e  bandwidth of t h e  f o r c e  dynamics and t h a t  t h i s  i s  
imposed i n  t h e  sys tem by a p p r o p r i a t e  des ign  of  t h e  command gene ra to r  and regu- 
l a t o r  e lements  of t h e  s t r u c t u r e .  
The Trimmap o u t p u t s  i n c l u d e  t h e  a t t i t u d e  states r e q u i r e d  by t h e  t r a j e c t o r y  
and t h e s e  are executed  by t h e  a t t i t u d e  c o n t r o l  subsystem of f i g u r e  1 u s i n g  
e l e v a t o r ,  wheel ,  and rudder  commands. Although t h i s  subsystem i s  n o t  o u t l i n e d  
i n  d e t a i l  i n  f i g u r e  1, i t s  proposed s t r u c t u r e  i n  r e f e r e n c e  1 p a r a l l e l s  t h a t  
of t h e  o u t e r  l oop ,  w i t h  a n  a t t i t u d e  command g e n e r a t o r  t o  modify c o a r s e  
a t t i t u d e  commands from t h e  Trimmap, and an  a t t i t u d e  r e g u l a t o r  and moment 
Trimmap t o  t r a c k  t h e s e  commands wi th  t h e  d e s i r e d  a t t i t u d e  t r a n s i e n t  response  
by commanding and c o n t r o l l i n g  angu la r  a c c e l e r a t i o n .  
F i n a l l y ,  a _ s t a t e  e s t i m a t i o n  system completes  t h e  c o n t r o l  loop  by provid-  
i n g  estimates ( R ~ ,  C r ,  a,, fir ,  6, 6, 3, hb) of a i r c r a f t  dynamic response 
t o  t h e  s e r v o  commands and wind d i s t u r b a n c e s .  
The proposed au tomat i c  c o n t r o l  s t r u c t u r e  i s  s u i t e d  t o  powered- l i f t  
a i r c r a f t  s i n c e  t h e  element c o n t r o l l e d  by t h e  o u t e r  l oop  i s  t h e  combined Force 
Trimmap (eqL ( 2 ) )  and a i r c r a f t  a c c e l e r a t i o n  r e sponse  (eq.  ( l ) ,  approximately)  
which has  a t r a n s f e r  f u n c t i o n  of approximate ly  u n i t y  everywhere i n  t h e  f l i g h t  
envelope a t  s u f f i c i e n t l y  low i n p u t  f r e q u e n c i e s .  I n  t h a t  case, t h e  r e g u l a t o r  
c o n t r o l  l a w  g a i n s  are f i x e d  and t h e  a i r c r a f t  response  i s  l i n e a r  and i n v a r i a n t  
w i t h  f l i g h t  c o n d i t i o n  and c o n f i g u r a t i o n .  The n o n l i n e a r i t y  i n  t h e  c o n t r o l  
s t r u c t u r e  i s  t h a t  of t h e  Trimmap (eq.  ( 2 ) ) ,  b u t  t h i s  i s  now an  a l g e b r a i c  
n o n l i n e a r i t y  r a t h e r  than a-dynamic one. Analogous p r o p e r t i e s  occur  f o r  t h e  
a t t i t u d e  c o n t r o l  subsystem of r e f e r e n c e  1 s i n c e  t h e  element c o n t r o l l e d  by t h e  
i n n e r  loop  i s  t h e  combined moment Trimmap and a i r c r a f t  a n g u l a r  a c c e l e r a t i o n  
response ,  and t h i s  a l s o  h a s  a t r a n s f e r  f u n c t i o n  of approximately u n i t y .  
A Trimmap f o r  t h e  AWJSRA i s  de r ived  i n  t h i s  r e p o r t  and some s imula t ion  
r e s u l t s  are  p resen ted .  Although t h e  Trimmap i s  s p e c i a l i z e d  t o  each a i r c r a f t ,  
e s p e c i a l l y  i n  t h e  case of V/STOL a i r c r a f t ,  a n  e f f o r t  has  been made t o  formula te  
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concep t s ,  problem s t a t e m e n t s ,  and s o l u t i o n  methods f o r  g e n e r a l  a p p l i c a b i l i t y  
t o  powered- l i f t ,  r edundan t ly -con t ro l l ed  a i r c r a f t .  
A flow c h a r t  of t h e  Trimmap computations f o r  t h e  AWJSRA i s  shown i n  f i g -  
u r e  2. The runway ax i s - r e fe renced  a c c e l e r a t i o n  command, act,, is  combined 
w i t h  g r a v i t y  t o  o b t a i n  t h e  commanded a p p l i e d  s p e c i f i c  f o r c e  and t h i s  i s  
mapped i n t o  s t a b i l i t y  a x i s  components (Au,  AN)^ 
f l i g h t  pa th ,  and t h e  r o l l  a n g l e ,  $v, which l o c a t e s  t h e  normal f o r c e  r e l a t i v e  
t o  t h e  ver t ica l  p l ane .  T h i s  mapping r e q u i r e s  t h e  v e l o c i t y  v e c t o r  d i r e c t i o n  
a n g l e s  (YA, QVA) and t h e  s i d e s l i p  command, B c ,  i f  nonzero. 
commands (Auc,  AN^) are i n p u t s  t o  t h e  Basic Trimmap element of t h e  diagram, 
which s o l v e s  t h e  s t a b i l i t y  a x i s  f o r c e  ba l ance  equa t ions  of t h e  a i r c r a f t .  
These are t h e  f a m i l i a r  l i f t  and d r a g  trim equa t ions  and, t o g e t h e r  w i t h  addi -  
t i o n a l  r e l a t i o n s h i p s  t o  r e s o l v e  t h e  c o n t r o l  redundancy, p r o v i d e  s o l u t i o n s  f o r  
t h e  r e q u i r e d  a n g l e  of a t t a c k ,  a,-, and t h e  c o n t r o l  commands (6fc ,  vc,  6 t c ) .  
The remaining Trimmap o u t p u t s  are t h e  t r i m  e l e v a t o r  and a t t i t u d e  commands. 
The trim e l e v a t o r  i s  t h a t  s e t t i n g  which n u l l s  t h e  p i t c h  a n g u l a r  a c c e l e r a t i o n  
and i s  a f u n c t i o n  of t h e  o u t p u t  v a r i a b l e s  of t h e  b a s i c  Trimmap. I n  t h e  
a t t i t u d e  c o n t r o l  subsystem, t h e  p i t c h  a x i s  is  c o n t r o l l e d  u s i n g  v a r i a t i o n s  
of t h e  e l e v a t o r  about  t h i s  s e t t i n g .  The r e q u i r e d  Eu le r  a t t i t u d e  a n g l e s  
(QC,  O c ,  $c) are  computed from a n g l e s  a s s o c i a t e d  w i t h  t h e  t r a j e c t o r y  v e l o c i t y  
and a c c e l e r a t i o n  and w i t h  t h e  trim s o l u t i o n  (YA, $vA, + V C ,  f3,, a,) w h i l e  t h e  
angu la r  v e l o c i t y  command is  computed approximate ly  from t h e  r o t a t i o n s  of t h e  
eommanded v e l o c i t y  v e c t o r  (;, I )~ ) .  (More g e n e r a l l y ,  t h e  d e r i v a t i v e s  of 
(YA, $vA, $v, f3,, a,) can  be used t o  c o n s t r u c t  t h e  r e q u i r e d  a n g u l a r  v e l o c i t y  
and angu la r  a c c e l e r a t i o n  v e c t o r s . )  
a long  and normal t o  t h e  
The s p e c i f i c  f o r c e  
I n  g e n e r a l ,  t h e  Force Trimmap f o r  any STOL o r  CTOL a i r c r a f t  can be  
r e p r e s e n t e d  as i n  f i g u r e  2 by changing t h e  c o n t r o l  v a r i a b l e  n o t a t i o n  as neces- 
s a r y .  The mapping t o  s t a b i l i t y  axes  commands and t h e  computation of a t t i t u d e  
commands u s e  g e n e r a l  k inemat ic  r e l a t i o n s  t h a t  are a i r c r a f t - i n d e p e n d e n t .  
A i r c r a f t  f o r c e  model d e t a i l s  appear  on ly  i n  t h e  b a s i c  Trimmap; i n  t h e  c a s e  of 
CTOL a i r c r a f t  t h i s  model i s  r e l a t i v e l y  s imple  and t h e  cor responding  b a s i c  
Trimmap is  r e a d i l y  d e r i v e d .  For powered- l i f t ,  r edundan t ly -con t ro l l ed  
a i r c r a f t ,  model complexity i s  t h e  sou rce  of t h e  p r i n c i p a l  problems a s s o c i a t e d  
w i t h  t h e  Force  Trimmap; i n  t h e  AWJSRA example of t h i s  r e p o r t  t h e s e  s t e m  
p r i n c i p a l l y  from c o n t r o l  redundancy. The proposed s t r u c t u r e  f o r  d e a l i n g  w i t h  
t h i s  redundancy i s  shown i n  t h e  b a s i c  Trimmap of f i g u r e  2 and c o n s i s t s  of two 
elements:  an au tomat i c  c o n f i g u r a t i o n  schedule  (ACS) and a t r i m  s o l u t i o n  
a lgo r i thm.  The c o n f i g u r a t i o n  schedu le  i s  a s t o r e d  schedu le  f o r  two conf igura-  
t i o n  c o n t r o l s  which i s  c a l c u l a t e d  o f f - l i n e  t o  op t imize  t h e  c o n f i g u r a t i o n  
point-by-point over  t h e  o p e r a t i o n a l  f l i g h t  envelope s u b j e c t  t o  o p e r a t i o n a l  
c o n s t r a i n t s  on c o n t r o l s  usage. I n  f l i g h t ,  t h e  c o n f i g u r a t i o n  i s  commanded 
open-loop by t h e  ACS as a f u n c t i o n  of t h e  commanded f l i g h t  c o n d i t i o n  and t h u s  
p rov ides  opt imized  c o n f i g u r a t i o n  commands a long  any t e r m i n a l  area t r a j e c t o r y  
commanded by t h e  command g e n e r a t o r .  For t h e  AWJSRA, t h e  two c o n t r o l s  t h a t  
are scheduled are f l a p  and n o z z l e ;  t h e  f l a p  is  s e l e c t e d  t o  maximize l i f t  
margin and t h e  n o z z l e  is  s e l e c t e d  t o  maximize t h e  c o n t r o l  margin of t h e  
remaining two c o n t r o l s ,  e l e v a t o r  and t h r o t t l e ,  f o r  u s e  i n  p a t h  r e g u l a t i o n .  
I n  f l i g h t ,  t h e s e  la t ter  two c o n t r o l s  are c a l c u l a t e d  by t h e  trim s o l u t i o n  
a l g o r i t h m  t o  g e n e r a t e  t h e  t o t a l  a c c e l e r a t i o n  command, i n c l u d i n g  t h e  c o r r e c t i v e  
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a c c e l e r a t i o n  commands from t h e  p a t h  e r r o r  r e g u l a t o r ,  a t  t h e  c u r r e n t  conf igu ra -  
t i o n  and f l i g h t  c o n d i t i o n .  I n  o r d e r  t o  maximize t h e  a v a i l a b l e  c o n t r o l  margin,  
t h e  t r i m  s o l u t i o n  a l g o r i t h m  a l s o  u s e s  t h e  n o z z l e  f o r  r e g u l a t i o n  i f  one of t h e  
p r i n c i p a l  r e g u l a t o r  c o n t r o l s  s a t u r a t e s .  
Report  O u t l i n e  
The b a s i c  Trimmap d e s i g n  problem i s  formula ted  i n  t h e  n e x t  two s e c t i o n s .  
I n  t h e  second s e c t i o n ,  "Tra j ec to ry  Commands," t h e  i n p u t  a c c e l e r a t i o n  commands 
and t r a j e c t o r y  v a r i a b l e s  are d e r i v e d  f o r  t h e  v a r i o u s  maneuvers and s t e a d y  
f l i g h t  c o n d i t i o n s  t y p i c a l  of f l i g h t  o p e r a t i o n s ;  t h e  domain f o r  t h e s e  i n p u t  
v a r i a b l e s  i s  es t ima ted  from t h e  k inemat ic  c o n s t r a i n t s  imposed by passenger  
o p e r a t i o n s  and by t h e  l i m i t s  of t h e  AWJSRA performance. The AWJSRA f o r c e  
model and trim e q u a t i o n s  a re  g iven ,  i n c l u d i n g  t h e  domains of c o n t r o l  v a r i a b l e s  
and parameters  f o r  which t h e  model i s  d e f i n e d  o r  which bound t h e  r e g i o n  of 
d e s i g n  i n t e r e s t ,  i n  t h e  t h i r d  s e c t i o n .  I n  t h e  l a t t e r  s e c t i o n ,  t h e  n a t u r e  of 
s o l u t i o n s  of t h e  trim e q u a t i o n s  a t  a g i v e n  f l i g h t  c o n d i t i o n  i s  a l s o  examined, 
i n c l u d i n g  t h e i r  redundancy and t h e  e f f e c t  of o p e r a t i o n a l  c o n s t r a i n t s  on 
c o n t r o l s  usage  i n  l i m i t i n g  t h e  range  of redundant  s o l u t i o n s  which can  b e  
employed by t h e  Trimmap. These c o n s t r a i n t s  f u r t h e r  d e f i n e  t h e  o p e r a t i o n a l  
f l i g h t  envelope  of t h e  a i r c r a f t  as t h o s e  f l i g h t  c o n d i t i o n s  f o r  which s o l u t i o n s  
of t h e  t r i m  e q u a t i o n s  e x i s t  s a t i s f y i n g  t h e  o p e r a t i o n a l  c o n s t r a i n t s .  From 
t h e s e  c o n s i d e r a t i o n s ,  t h e  Trimmap d e s i g n  problem i s  formula ted  and a s t r u c t u r e  
is o u t l i n e d  f o r  t h e  Trimmap which i n c l u d e s  a c o n f i g u r a t i o n  schedule  t o  r e s o l v e  
t h e  c o n t r o l  redundancy and a t r i m  s o l u t i o n  a l g o r i t h m  f o r  r e g u l a t i o n .  
The trim s o l u t i o n  a lgo r i thm is  cons ide red  n e x t .  A t  a g iven  f l i g h t  condi- 
t i o n  t h e  a c c e l e r a t i o n  c a p a b i l i t y  of t h e  a i r c r a f t  f o r  f l i g h t - p a t h  e r r o r  r egu la -  
t i o n ,  o r  c o n t r o l  margin,  i s  found t o  be  a f u n c t i o n  of t h e  c o n f i g u r a t i o n  and 
t h e  c o n t r o l s  used b y ' t h e  a lgo r i thm.  A s t r u c t u r e  is  o u t l i n e d  which maximizes 
t h e  c o n t r o l  margin w i t h  r e s p e c t  t o  t h e  c o n t r o l s  used by t h e  a lgo r i thm.  
The c o n f i g u r a t i o n  schedu le ,  t h e  main t o p i c  of t h i s  r e p o r t ,  is  developed 
i n  t h e  nex t  t h r e e  s e c t i o n s .  The schedule  de t e rmines  t h e  o p e r a t i o n a l  f l i g h t  
envelope of t h e  au tomat i c  system as w e l l  as t h e  v a l u e s  of a l l  c o n f i g u r a t i o n -  
dependent parameters  of i n t e r e s t ,  such as c o n t r o l  margin,  a t t i t u d e ,  f u e l  ra te ,  
e t c . ,  over  t h a t  envelope. The development begins  wi th  a d e t a i l e d  examination 
of t h e  o p e r a t i o n a l  c o n s t r a i n t s  on c o n t r o l s  usage f o r  t h e  AWJSRA and a s e l e c t i o n  
of t h e  parameters  t o  be optimized by t h e  schedu le .  Then, t h e  f l a p  schedu le  i s  
c a l c u l a t e d  t o  provide  maximum l i f t  margin and t h e  nozz le  schedule  i s  c a l c u l a t e d  
t o  maximize c o n t r o l  margin. This i s  done wi th  an approximate numer ica l  
procedure which c o n s i s t s  of enumerating s o l u t i o n s  a t  a s u f f i c i e n t  number of 
p o i n t s  cover ing  t h e  domains of i n t e r e s t  of a l l  the  independent v a r i a b l e s  
d e f i n i n g  c o n f i g u r a t i o n  and f l i g h t  c o n d i t i o n .  The numerical  r e s u l t s  f o r  t h e  
optimum c o n f i g u r a t i o n  a t  each f l i g h t  c o n d i t i o n  a r e  f i t t e d  wi th  approximating 
f u n c t i o n s  f o r  use a s  t h e  c o n f i g u r a t i o n  schedu le  i n  s i m u l a t i o n  t e s t i n g  of t h e  
proposed c o n t r o l  system. The a n a l y s i s  c o n s i d e r s  t h e  f l i g h t  envelope l i m i t s  
f o r  the des ign  and t h e  behavior  of t h e  c o n f i g u r a t i o n  schedule  over  t h a t  
envelope and i t s  e f f e c t  on the  remaining c o n t r o l s  and o t h e r  conf igu ra t ion -  
dependent parameters  of i n t e r e s t .  
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F i n a l l y ,  t h e  Trimmap is  completed w i t h  t h e  a d d i t i o n  of e l e v a t o r  trim and 
j 
i 
a t t i t u d e  and angu la r  rate command l o g i c  t o  t h e  b a s i c  Trimmap and, t o g e t h e r  
w i t h  t h e  remaining c o n t r o l  system of f i g u r e  1, i s  s u b j e c t e d  t o  s i m u l a t i o n  
t e s t i n g  on a STOL approach pa th .  Behavior i n  r e sponse  t o  v a r i o u s  maneuver 
commands, Trimmap model e r r o r s ,  and wind d i s t u r b a n c e s  is  examined. 
TRAJECTORY C 0 ” D S  
The n a t u r e  of t h e  a c c e l e r a t i o n  commands t o  t h e  Force Trimmap i s  examined 
i n  t h i s  s e c t i o n .  P a t h  a x e s  are in t roduced  as a convenient  r e f e r e n c e  frame 
i n  which t o  d e f i n e  t h e  a c c e l e r a t i o n  commands a s s o c i a t e d  w i t h  a i r c r a f t  maneuvers 
and t r a j e c t o r i e s ,  and i n  which t o  s ta te  t h e  o p e r a t i o n a l  c o n s t r a i n t s  on trajec- 
t o r y  k inemat i c s  a s s o c i a t e d  w i t h  passenger  o p e r a t i o n s .  On t h e  o t h e r  hand, t h e  
b a s i c  Trimmap works w i t h  t h e  s t a b i l i t y  a x i s  components of t h e  a p p l i e d  s p e c i f i c  
f o r c e .  These are f u n c t i o n s  of t h e  t r a j e c t o r y  commands; t h e i r  r e l a t i o n  t o  t h e  
p a t h  a x i s  components of a c c e l e r a t i o n ,  t h e i r  behavior  du r ing  t y p i c a l  a i r c r a f t  
maneuvers, and t h e i r  a d m i s s i b l e  r anges  of v a l u e s  f o r  passenger  o p e r a t i o n s ,  
which forms t h e  Trimmap d e s i g n  domain, are examined. 
The a i r c r a f t  v e l o c i t y  v e c t o r ,  expressed  i n  s p h e r i c a l  c o o r d i n a t e s ,  i s  
- v =  cos y COS “vi + cos  y s i n  $ 3 - s i n  YE) (3) Y 
where (i, 3, E) are u n i t  v e c t o r s  d e f i n i n g  runway axes  and (V,  $v, y) are t h e  
a i r c r a f t  speed, heading a n g l e ,  and f l i g h t - p a t h  a n g l e  ( f i g .  3 ( a ) ) ;  they can  be 
c a l c u l a t e d  from t h e  runway axes  v e l o c i t y  c o o r d i n a t e s  us ing :  
z 
s i n  y = - - y E [-.rr/2,.rr/21 V J 
The a c c e l e r a t i o n  v e c t o r  f o r  any t r a j e c t o r y  can be  de r ived  from equa t ion  (3) as  
(5) 
- a = iru + VliJ c o s  ym - vi.< V - 
- -  
where u ,  m y  n are u n i t  v e c t o r s  d e f i n i n g  t h e  p a t h  axes  ( f i g .  3 ( b ) )  which are 
o r i e n t e d ,  r e s p e c t i v e l y ,  t angen t  t o  t h e  f l i g h t  p a t h  and normal t o  t h e  f l i g h t  
p a t h  i n  t h e  h o r i z o n t a l  and v e r t i c a l  p l a n e s . 2  They are r e l a t e d  t o  runway a x e s  
by 
2The underbar ,  u ,  i s  used t o  d i s t i n g u i s h  t h e  u n i t  p a t h  t angen t  v e c t o r  
from t h e  c o n t r o l  v e c t o r  , E, used e l sewhere .  
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- 
u = c o s  y cos  + i + c o s  y s i n  IJJ 3 - s i n  yi; 
m = - s i n  IJJ i + c o s  




n = s i n  y c o s  + V T + s i n  y s i n  JI v 7 + c o s  yi; J 
The p a t h  a x e s  components of Z 
a c c e l e r a t i o n  command i n t o  t e r m s  cor responding  t o  speed changes (V), t u r n i n g  
f l i g h t  (V+v c o s  y) o r ,  e q u i v a l e n t l y ,  (V2/Rc), and f l a r e  o r  pushover maneuvers 
t o  change f l i g h t - p a t h  a n g l e  (Vi.). Maneuvers from one s t e a d y  f l i g h t  c o n d i t i o n  
t o  ano the r  can  be  formula ted  as a s u p e r p o s i t i o n  of t h e s e  maneuvers and,  f o r  
CTOL a i r c r a f t ,  maneuver a c c e l e r a t i o n s  a l o n g  t h e  t h r e e  axes  are c o n t r o l l e d  
independent ly  by engine  t h r o t t l e ,  r o l l  a t t i t u d e ,  and p i t c h  a t t i t u d e .  The pa th  
axes  are unsu i t ed  t o  hovering (v = 0) and ve r t i ca l  f l i g h t  (9 = 1; = 0 ) ,  f o r  
which they  are undefined.  
i n  e q u a t i o n  (5) s e p a r a t e  t h e  mancuver 
The a i r c r a f t  t r a j e c t o r y  i s  governed by 
m a  = W + FA + FE 
where t h e  t e r m s  on t h e  r ight-hand s i d e  are weight  and aerodynamic and engine  
f o r c e s  and m is  t h e  a i r c r a f t  m a s s .  The a c c e l e r a t i o n  command of i n t e r e s t  i n  
t h e  Trimmap d e s i g n  is  t h e  a p p l i e d  s p e c i f i c  f o r c e  t o  b e  supp l i ed  by t h e  engine  
and aerodynamic f o r c e s  t h a t  t h e  Trimmap h a s  a t  i t s  c o n t r o l .  Given i n  g -un i t s ,  
t h e  a p p l i e d  s p e c i f i c  f o r c e  command i s  
T - where g ,  r e f e r r e d  I t o  p a t h  axes ,  is  g ( s i n  y ,  0 ,  cos  y) . The s t a b i l i t y  a x i s  
components of f are t h e  most u s e f u l  form f o r  t h e  Trimmap c a l c u l a t i o n s  and 
are c a l c u l a t e d  as t h e  c y l i n d r i c a l  c o o r d i n a t e s  of f ( s e e  f o o t n o t e )  : 
- 
A U = u = f = s i n y + -  - 6 
g 
3The d e r i v a t i o n  o f  equa t ions  ( 7 )  assumes z e r o  nominal s i d e s l i p  a n g l e ,  B c ,  
s o  t h a t  t h e  s t a b i l i t y  x-axis  c o i n c i d e s  w i t h  t h e  v e l o c i t y  d i r e c t i o n ,  - u .  
t h i s  i s  u s u a l l y  t h e  d e s i r e d  v a l u e  of B c ,  s i d e s l i p  can ,  i n  g e n e r a l ,  b e  
commanded independent ly  of t h e  t r a j e c t o r y .  Genera l  formulas ,  which inc lude  
t h e  e f f e c t  of nonzero 
appendix D. 
While 
Bc and are used i n  t h e  Force Trimmap, are de r ived  i n  
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where i s  t h e  l o n g i t u d i n a l  a p p l i e d  s p e c i f i c  f o r c e ,  AN i s  t h e  a p p l i e d  
s p e c i f i c  f o r c e  normal t o  t h e  f l i g h t  p a t h ,  and $V is  t h e  a n g l e  of t h e  normal 
s p e c i f i c  f o r c e  v e c t o r  from t h e  ver t ica l  p l ane .  T h i s  a n g l e  i s  measured abou t  
t h e  v e l o c i t y  v e c t o r  and d i f f e r s  i n  d e f i n i t i o n  from t h e  u s u a l  Eu le r  r o l l  a t t i -  
tude  a n g l e  measured about  t h e  body x-axis  on ly  by second-order e f f e c t s .  
Equat ion  (7)  maps t h e  t r a j e c t o r y  command i n t o  cor responding  a p p l i e d  
s p e c i f i c  f o r c e  commands f o r  t h e  Trimmap and is  used i n  f i g u r e  4 t o  map a 
graph of (Au, AN) f o r  t h e  p r i n c i p a l  f l i g h t  c o n d i t i o n s  of i n t e r e s t ;  f o r  s t a t i c  
equ i l ib r ium f l i g h t  (a = 0) ,  e q u a t i o n s  ( 7 )  g e n e r a t e  a u n i t  c i r c l e  as y i s  
v a r i e d .  For s t e a d y  tuyns  (IRc I < m ) ,  t h e  u n i t  c i r c l e  i s  moved up and f o r  
s t e a d y  speed changes (V # 0) t h e s e  c i rc les  move l e f t  o r  r i g h t  by t h e  amount 
V/g. These c o n s t i t u t e  t h e  f l i g h t  c o n d i t i o n s  which can  b e  he ld  f o r  a more o r  
less extended pe r iod .  A c c e l e r a t i o n  commands f o r  a t y p i c a l  approach t r a j e c t o r y  
w i l l  c o n s i s t  of a sequence of such  s t e a d y  o p e r a t i n g  p o i n t s  t o g e t h e r  w i t h  t h e  
maneuvers r e q u i r e d  t o  p a s s  from one s t e a d y  o p e r a t i n g  p o i n t  t o  a n o t h e r ,  such as 
t h e  f l a r e  and pushover maneuvers shown i n  f i g u r e  5 ,  and t h e  example command 
gene ra to r  o u t p u t  f o r  p a r t  of a n  approach p a t h  shown i n  f i g u r e  6.  
The nominal p a t h  maneuvering commands t o  t h e  Trimmap are  l i m i t e d  by t h e  
a i r c r a f t  c a p a b i l i t y ,  passenger  comfort  c o n s t r a i n t s ,  and o p e r a t i n g  c o n s t r a i n t s  
f o r  t h e  s p e c i f i c  a i r c r a f t  ( r e f .  3 ) .  For t h e  AWJSRA t h e s e  l i m i t s  are t aken  as:  
h E [0,3500 m] 
vA E [45,160 kno t s ]  
lYAl  < 15" 
G 0.15 g 
I n  t h e  p r e s e n t  c o n t e x t ,  t h e s e  l i m i t s  are assumed t o  b e  s a t i s f i e d  by t h e  
t r a j e c t o r y  commands of bo th  t h e  ATC and t h e  command g e n e r a t o r .  The l i m i t s  on 
IVi.1,  141 are t y p i c a l  of passenger  o p e r a t i o n s ,  and t h e  remaining a re  es t i -  
mated o u t e r  bounds of t h e  AWJSRA f l i g h t  c a p a b i l i t y  and correspond t o  wing 
s t a l l  ( V A ~ ~ ~ )  and t h e  extremes of t o t a l  a p p l i e d  l o n g i t u d i n a l  s p e c i f i c  f o r c e  
(ymin,.ymB,, Qmin, Vmax). From t h e s e  and e q u a t i o n s  ( 7 )  t h e  extreme nominal 
s p e c i f i c  o r c e  commands t h a t  need b e  cons ide red  i n  t h e  p r e s e n t  Trimmap d e s i g n  
are t h e r e f o r e  enc losed  i n  a regime: 
Au E [-0.35,0.35] 
AN E [0.75,1.5]  
as shown i n  f i g u r e  4 .  The most used p o r t i o n  of t h i s  regime f o r  passenger  
STOL and CTOL o p e r a t i o n s  i s  w i t h i n  k0.2 g of level  s t a t i c  e q u i l i b r i u m  f l i g h t ,  
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bur  o t h e r  t ypes  of f l i g h t  o p e r a t i o n s  ( h e l i c o p t e r s ,  m i l i t a r y  a i r c r a f t ,  r o c k e t s )  
extend w e l l  beyond t h i s  r e g i o n .  
AUGMENTOR WING TRIM EQUATIONS AND TRIMMAP FORMLTLATION 
T r i m  Equat ions  
The Trimmap u s e s  t h e  c o n t r o l l a b l e  eng ine  and aerodynamic f o r c e s  t o  gener- 
a te  t h e  commanded a p p l i e d  s p e c i f i c  f o r c e .  For STOL and CTOL a i r c r a f t  t h e s e  
f o r c e s  are g iven  i n  s t a b i l i t y  axes  and are assumed a l i g n e d  i n  t h e  a i r c r a f t  
p l a n e  of symmetry; f o r  t h e  AWJSFU t h e s e  are expressed  as 
The engine  t h r u s t  i s  vec to red  through c o n t r o l l a b l e  exhaus t  nozz le s  ( f i g .  7)  
whose a n g l e  from t h e  l o n g i t u d i n a l  body a x i s  i s  v. I n  a d d i t i o n ,  compressed 
co ld  a i r  from t h e  eng ine  is  exhausted through a s p e c i a l l y  des igned  f l a p  
( f i g .  7)  t o  augment t h e  aerodynamic f o r c e s .  The p o t e n t i a l  t h r u s t  TC of t h i s  
compressed a i r ,  o b t a i n a b l e  by i s e n t r o p i c  expansion t o  t h e  atmosphere,  i s  used 
t o  d e f i n e  t h e  co ld  t h r u s t  c o e f f i c i e n t  
- -  TC 
- -  
"J I QS, 
and t h e  dependence of aerodynamic f o r c e s  on eng ine  power is  g iven  i n  t e r m s  
of t h i s  c o e f f i c i e n t ;  t h a t  i s ,  
The engine parameters  
a i r s p e e d ,  and r a t i o s  of s t a g n a t i o n  a i r  t empera tu re  (-c).and p r e s s u r e  ( 6 )  t o  
r e f e r e n c e  sea l e v e l  v a l u e s :  
TH, Tc, mE are f u n c t i o n s  of t h e  t h r o t t l e  s e t t i n g ,  
I 
The engine  and aerodynamic model parameters  l i s t e d  i n  e q u a t i o n s  (10) and (11) 
are  n o n l i n e a r  scalar f u n c t i o n s  a v a i l a b l e  as t a b u l a t e d  d a t a .  The modeling d a t a  
used f o r  t h i s  s tudy  are g iven  i n  appendix A, and are t aken  from a d e t a i l e d  
Ames s i m u l a t i o n  of t h e  AWJSRA based on wind-tunnel and f l i g h t - t e s t  d a t a  
( r e f s .  4 , 5 ) .  
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The most a c c u r a t e  a v a i l a b l e  model d a t a  are d e s i r e d  as t h e  s t a r t i n g  p o l n t  
f o r  t h e  s tudy .  Model d a t a  are u s u a l l y  a v a i l a b l e  from s i m u l a t i o n s ;  t h e i r  
accuracy  w i l l  depend on t h e  sou rce  ( t h e o r y ,  wind-tunnel tests, engine  test 
s t a n d  d a t a ,  f l i g h t  t e s t s )  and u s u a l l y  improves w i t h  t i m e  as more d a t a  becomes 
a v a i l a b l e .  E r r o r s  i n  t h e  s t a t i c  f o r c e  model a f f e c t  system performance as a 
r e s u l t  of i n a c c u r a t e  c a l c u l a t i o n  of s a f e t y  margins ,  op t ima l  c o n f i g u r a t i o n s ,  
and system f l i g h t  envelope;  i n  f l i g h t ,  s t e a d y - s t a t e  a c c e l e r a t i o n  r e sponse  
e r r o r s  are compensated by au tomat ic  ad jus tment  of c o n t r o l s  from t h e i r  pre-  
d i c t e d  v a l u e s  and,  i f  s u f f i c i e n t l y  l a r g e ,  induce  s t e a d y  p o s i t i o n  e r r o r s .  On 
t h e  o t h e r  hand, i nc reased  complexi ty  and computa t iona l  requi rements  are 
a s s o c i a t e d  w i t h  inc reased  model accu racy  and some s i m p l i f i c a t i o n  of t h e  
s i m u l a t i o n  model i s  d e s i r e d  bo th  f o r  o f f - l i n e  s t u d i e s  and f o r  t h e  on-board 
Trimmap. For t h e  p r e s e n t  s t u d y ,  t h e  s t a t i c  f o r c e  s i m u l a t i o n  model i s  r ep re -  
s en ted  t o  0.01 g by t h e  model of  appendix A. T h i s  v a l u e  i s  s m a l l  r e l a t i v e  t o  
t h e  assumed compensation a u t h o r i t y  of t h e  c o n t r o l  system so t h a t  t h a t  a u t h o r i t y  
w i l l  b e  used i n  f l i g h t  on t h e  r e s i d u a l  u n c e r t a i n t i e s  of t h e  s i m u l a t i o n  model 
i t s e l f .  
T r i m  Equat ion Var i ab le s  
Equat ion ( 9 )  must be  so lved  t o  o b t a i n  t h e  ou tpu t  of t h e  b a s i c  Trimmap. 
For t h i s  purpose i t  i s  u s e f u l  t o  s o r t  t h e  v a r i a b l e s  of equa t ion  (9)  i n t o  
Con t ro l  v a r i a b l e s :  u = ( B f , ~ , a , 6 ~ )  
Pa th  v a r i a b l e s :  X = ( v E , ~ , A N )  
Parameters :  J 
where VE deno tes  t h e  e q u i v a l e n t  a i r s p e e d  V A d p  (h ) /p  ( 0 ) .  The a i r c r a f t  
model i n  equa t ion  (9 )  i s  de f ined  only  over  a bounded domain of v a l u e s  of U 
a s s o c i a t e d  wi th  hardware l i m i t s  on t h e  c o n t r o l s  and t h e  a v a i l a b i l i t y  of model 
d a t a .  I n  t h e  p r e s e n t  case, t h e  a i r c r a f t  model i s  d e f i n e d  f o r  
= { z :  6 f  E [5 .6" ,72" ] ,  
v E [6" ,104"] ,  
~1 E [ -10.5",27.5"] ,  
6, E [O",min{38",36.3 + 143.5(& - 1):) 
The v a r i a b l e  a i s  c o n t r o l l e d  w i t h  t h e  e l e v a t o r ,  whose t r a v e l  i s  l i m i t e d  t o  
6eT E [-25",15"] 
The r e q u i r e d  e l e v a t o r  s e t t i n g  t o  t r i m  t h e  a i r c r a f t  a t  any v a l u e  of a can 
be  c a l c u l a t e d  from t h e  pitching-moment model of t h e  a i r c r a f t .  R e s u l t s  have 
been ob ta ined  f o r  t h i s  t r i m  s e t t i n g ,  
d i x  A.  
(cL,6f ,C~),  and are inc luded  i n  appen- e T  
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- 
The p a t h  v a r i a b l e s  x are c a l c u l a t e d  from t h e  commanded p a t h .  T h e i r  
r anges  of i n t e r e s t  i n  t h e  Trimmap are l i m i t e d  by a i r c r a f t  c a p a b i l i t i e s ,  
passenger  comfort ,  and o p e r a t i o n a l  c o n s t r a i n t s  as noted  i n  t h e  p rev ious  sec- 
t i o n .  An o u t e r  bound on t h e  regime of i n t e r e s t  f o r  t h e  AWJSRA i s  e s t i m a t e d  as 
To = (x; VE E [45,160 knots],AU E [-0.35,0.35] ,AN E [0.75,1.5]  1 (14) 
Not a l l  p o i n t s  i n  9o 
d e f i n e d  by e q u a t i o n s  (9)-(13) ,  and a more e x a c t  d e t e r m i n a t i o n  of t h e s e  
c a p a b i l i t i e s  is p a r t  of t h e  Trimmap d e r i v a t i o n .  
are n e c e s s a r i l y  w i t h i n  t h e  a i r c r a f t  c a p a b i l i t i e s  
The weight and a tmospher ic  parameters ,  F, which appear  i n  eq.  (9) w i l l  
a l s o  t a k e  on v a l u e s  over  some d e s i r e d  domain, 
Trimmap o p e r a t i o n  should be  provided. For t h e  AWJSRA t h i s  domain can  be  t aken  
as 
Po, w i t h i n  which s a t i s f a c t o r y  
where Ws i s  t h e  s t anda rd  weight v a l u e  
Ws = 177.9 kN (40,000 l b f )  
The r anges  of t h e  atmosphere parameters  i n  i s  smaller than f o r  passenger  
o p e r a t i o n s  g e n e r a l l y  and r e f l e c t s  t h e  a i r c r a f t ’ s  o p e r a t i o n  p r i n c i p a l l y  f o r  
r e s e a r c h  i n  a s i n g l e  t e rmina l  area. 
I n  summary, a i r c r a f t  t r i m  e q u a t i o n s ,  such  as e q u a t i o n  ( 9 ) ,  can  b e  g iven  
i n  t h e  g e n e r a l  form 
where Z ,  p ,  6 refer, r e s p e c t i v e l y ,  t o  pa th  v a r i a b l e s ,  parameters ,  and 
c o n t r o l  v a r i a b l e s .  The o p e r a t i o n a l  domain over  which i t s  s o l u t i o n s  are of 
i n t e r e s t  i n  t h e  Trimmap i s  bounded and g iven  i n  t h e  form 
x E 90, 
Because t h e  t r i m  equa t ions  are o f t e n  n o n l i n e a r  and l a c k  closed-form s o l u t i o n s ,  
numerical  p rocedures  are necessa ry  i n  t h e  Trimmap a n a l y s i s  and t h e  magnitude 
of t h e  t a s k  i s  s i z e d  by t h e  dimension and e x t e n t  of t h e s e  domains. 
Con t ro l  Redundancy 
- 
The t r i m  e q u a t i o n s  are t o  be so lved  f o r  c o n t r o l  s e t t i n g s  u g iven  t h e  
f l i g h t  c o n d i t i o n s  ( z ,  5). There are, however, redundant s o l u t i o n s  whenever 
t h e  number of c o n t r o l s  exceeds t h e  number of equa t ions .  For t h e  AWJSRA t h i s  
excess  is  two, 
dim[:] = dim[aT] + 2 
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and t h e r e  can  be  a r b i t r a r i l y  many s o l u t i o n s  of equa t ion  (9 )  w i t h i n  t h e  
l i m i t s ,  @o. 
can b e  fo rma l ly  denoted as 
The se t  of a l l  such t r i m  s o l u t i o n s  a t  a g iven  f l i g h t  c o n d i t i o n  
and t h e  a i r c r a f t  f l i g h t  envelope i s  then  a l l  t h o s e  f l i g h t  c o n d i t i o n s  w i t h i n  
t h e  d e s i g n  d o m a i n , s 0 ,  go, f o r  which t h e r e  is  a t  least  one trim s o l u t i o n :  
Although t h e r e  are  no c l o s e d  form s o l u t i o n s  of equa t ion  (9)  f o r  9 (T(Z ,e ) ,  
numerical  s o l u t i o n s  can be  gene ra t ed  i n  s u f f i c i e n t  q u a n t i t i e s  t o  produce a 
p l o t  of @T(Z,F) f o r  any s i n g l e  f l i g h t  c o n d i t i o n .  F igu re  8 shows such p l o t s  
f o r  two f l i g h t  c o n d i t i o n s  ( l e v e l  f l i g h t  a t  120 k n o t s  and descending f l i g h t  a t  
-7.5" g l i d e p a t h  a n g l e  and 65 k n o t s ) .  Every p o i n t  i n  t h e s e  f i g u r e s  y i e l d s  a 
s o l u t i o n  by i n t e r p o l a t i n g  t h e  map l i n e s  f o r  t h e  f l a p  and nozz le  v a l u e s  a t  t h a t  
p o i n t .  
S o l u t i o n  of t h e  n o n l i n e a r  trim equa t ion  w i l l  be  r e q u i r e d  r e p e a t e d l y  i n  
t h i s  a n a l y s i s  and i n  t h e  a c t u a l  f l i g h t  Trimmap, s o  t h a t  e f f i c i e n t  s o l u t i o n  
a l g o r i t h m s  are s i g n i f i c a n t  t o  t h e  d e r i v a t i o n .  Algorithms f o r  s o l v i n g  t h e  t r i m  
equa t ion  are desc r ibed  i n  appendix B.  
Opera t iona l  C o n s t r a i n t s  on Con t ro l s  
Not a l l  t h e  t r i m  s o l u t i o n s  i n  %!,(?,E) are a c c e p t a b l e  f o r  a c t u a l  s t e a d y  
f l i g h t  o p e r a t i o n s  as Trimmap ou tpu t  commands; on ly  t h o s e  which s a t i s f y  a 
number of o p e r a t i o n a l  and s a f e t y  c o n s t r a i n t s  on t h e  u s e  of c o n t r o l s  ( l i m i t s  
on t h r o t t l e ,  l i f t  margin,  a n g l e  of a t t a c k ,  e t c . )  are a c c e p t a b l e .  This  reduced 
set  of a c c e p t a b l e  t r i m  s o l u t i o n s  i s  denoted by 
- e, ( X , i )  E {C: u and { f i ( u , X , p )  2 0,  i = 1, . . ., N } I  (18) 
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where { f i }  are a l l  t h e  o p e r a t i o n a l  c o n s t r a i n t s  t h a t  t h e  Trimmap ou tpu t  must 
s a t i s f y  i n  f l i g h t  f o r  t h e  p a r t i c u l a r  a i r c r a f t .  These are l i s t e d  i n  d e t a i l  f o r  
t h e  AWJSRA i n  t h e  n e x t  s e c t i o n .  The e f f e c t  of imposing t h e s e  c o n s t r a i n t s  
on t h e  t r i m  s o l u t i o n  sets @ T  
shown i n  f i g u r e  9.  A s  s e e n , a T A  i s  c o n s i d e r a b l y  reduced from %T i n  bo th  
c a s e s .  
p r e v i o u s l y  g iven  f o r  two f l i g h t  c o n d i t i o n s  i s  
Opera t iona l  c r i t e r i a  f o r  powered- l i f t  a i r c r a f t  are less w e l l  d e f i n e d  
than  f o r  CTOL a i r c r a f t  and are t h e  s u b j e c t  of r e c e n t  and ongoing s t u d i e s  a t  
Ames ( r e f s .  6-8). The c r i t e r i a  used i n  t h e  p r e s e n t  s t u d y  are taken  from 
c u r r e n t  AWJSRA r e s e a r c h  f l i g h t  o p e r a t i o n s  and,  i n  t h e i r  d e t a i l s ,  are unique  
t o  t h e  AWJSRA. However, c o n s t r a i n t s  of t h e  type  g iven  and t h e i r  e f f e c t  on 
t h e  des ign  method would occur  f o r  a i r c r a f t  g e n e r a l l y .  A minimum requi rement  
f o r  t h e  c o n s t r a i n t  l i s t  used i n  t h e  computations is  t h a t  i t  comprises s u f f i -  
c i e n t  c o n d i t i o n s  f o r  o p e r a t i o n a l  a c c e p t a b i l i t y  of t r i m  s o l u t i o n s .  
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I 
The o p e r a t i o n a l  f l i g h t  envelope  f o r  t h e  a i r c r a f t  w i t h i n  t h e  d e s i g n  domain 
is  t h a t  set of f l i g h t  c o n d i t i o n s  f o r  which a t  least one trim s o l u t i o n  accep t -  
a b l e  f o r  s t e a d y  f l i g h t  i s  a v a i l a b l e ;  t h a t  is ,  
Thus, t h e  c o n s t r a i n t s  d e f i n e  t h e  limits of o p e r a t i o n a l l y  a c c e p t a b l e  f l i g h t  as 
w e l l  as restrict  t h e  a c c e p t a b l e  t r i m  s o l u t i o n s  a t  any p o i n t  w i t h i n  FTA. - 
Trimmap Formulat ion 
A f u n c t i o n a l  d e s c r i p t i o n  of t h e  Trimmap element of f i g u r e  1 can be  g iven  
i n  g r e a t e r  d e t a i l .  The Trimmap f u n c t i o n  i s  t o  s o l v e  t h e  a i r c r a f t  t r i m  equa- 
t i o n s  f o r  a unique  c o n t r o l  command, iic, g iven  t h e  p a t h  commands xc and 
c u r r e n t  parameter  v a l u e s  p .  Over t h e  o p e r a t i o n a l l y  a c c e p t a b l e  f l i g h t  envelope 
yTA i t  r e s o l v e s  t h e  c o n t r o l  redundancy by s e l e c t i n g  a n  optimum t r i m  s o l u t i o n  
s u b j e c t  t o  c o n s t r a i n t s  on c o n t r o l s  usage. I f  t h e  Trimmap obta ined  i n  a des ign  
is  denoted as t h e  map 
- 
- 
t hen  t h a t  d e s i g n  w i l l  a c h i e v e  some cor responding  o p e r a t i o n a l l y  a c c e p t a b l e  
f l i g h t  envelope 
- 
gTA : { (5,:): x E F0,p  E 90,u*(x,p) E 4VTA(Z,C) } ( 2 1 )  
and complete  f l i g h t  envelope 
A t  b e s t ,  t h e s e  are  equa l ,  r e s p e c t i v e l y ,  t o  FTA and fT (eqs .  
b u t  are u s u a l l y  smaller than  those  two s e t s  as a r e s u l t  of approximations and 
s i m p l i f i c a t i o n s  made i n _ t h e  des ign  p rocess .  
des ign  i s  t o  maximize 
c a p a b i l i t i e s  of t h e  a u t o p i l o t - a i r c r a f t  combinat ion.  
( 1 7 )  and ( 1 9 ) )  
An o b j e c t i v e  of t h e  Trimmap 
and $r s i n c e  t h e s e  are o u t e r  l i m i t s  on t h e  f l i g h t  TA 
The b a s i c  s t r u c t u r e  of t h e  proposed Trimmap l o g i c  is  shown i n  f i g u r e  10 .  
Two p r i n c i p a l  e lements  are used: a c o n f i g u r a t i o n  schedule  and a t r i m  s o l u t i o n  
a lgo r i thm.  T h i s  s t r u c t u r e  assumes t h a t  a n  optimum t r i m  s o l u t i o n  s a t i s f y i n g  
t h e  o p e r a t i o n a l  c o n s t r a i n t s  f o r  s t e a d y  f l i g h t ,  u*(Z,p) ,  h a s  been c a l c u l a t e d  
o f f - l i n e  and s o l u t i o n s  from G* f o r  two of t h e  c o n t r o l s ,  ( u ~ ,  u,) ,  are s t o r e d  
on-board as t h e  c o n f i g u r a t i o n  schedule .  I n  f l i g h t ,  t h e  c o n f i g u r a t i o n  schedu le  
commands t h e s e  two c o n t r o l s  on t h e  b a s i s  of t h e  nominal t r a j e c t o r y  commanded 
by t h e  command g e n e r a t o r ;  t h a t  i s ,  t h e s e  two c o n t r o l s  are d r i v e n  open-loop by 
t h e  nominal t r a j e c t o r y  command. 
c a l c u l a t e d  by s o l v i n g  t h e  two t r i m  e q u a t i o n s  u s i n g  t h e  c u r r e n t  parameter  
v a l u e s  6 and X c ,  where xc d i f f e r s  from xo by t h e  amount of t h e  c o r r e c t i v e  
a c c e l e r a t i o n  command from t h e  t r a j e c t o r y  r e g u l a t o r .  These two c o n t r o l s  are i n  
t h e  feedback l i n e  and are termed r e g u l a t o r  c o n t r o l s  he re .  The i r  command v a l u e s  
- 






w i l l  d i f f e r  from t h e i r  nominal v a l u e s  i n  
e r r o r s  are nonzero. 
ii*(xo,p) t o  t h e  e x t e n t  t h a t  pa th  
F u r t h e r  d e t a i l s  of t h e  above s t r u c t u r e  a p p l i e d  t o  t h e  AWJSRA are shown 
i n  f i g u r e  1 0 ( b ) .  
The i r  s t o r e d  schedu les ,  F*(TI) and v*(x) do n o t  i n c l u d e  t h e  parameters  p as 
independent v a r i a b l e s  b u t ,  i n s t e a d ,  t h e  c o n f i g u r a t i o n  schedu le  i s  opt imized  
f o r  a s t anda rd  set of v a l u e s ,  ps,  g iven  by 
F lap  and n o z z l e  have been s e l e c t e d  as c o n f i g u r a t i o n  c o n t r o l s .  - 
- 
Ws = 177.9 k N  
Ts = 1 
6 ,  = 1 
This  s i m p l i f i c a t i o n  i s  r easonab le  i n  view of t h e  narrow regime of parameter 
v a l u e s  Po over which t h e  AWJSRA i s  ope ra t ed .  I n  f l i g h t ,  t h e  t r i m  s o l u t i o n  
a l g o r i t h m  a d j u s t s  t h e  r e g u l a t o r  c o n t r o l s  f o r  nons tandard  parameter v a l u e s ,  b u t  
some r e d u c t i o n  i n  t h e  d e s i g n  envelope is  t r aded  f o r  t h e  s i m p l i f i c a t i o n .  
Of t h e  f o u r  c o n t r o l s ,  on ly  t h e  f l a p  a c t u a t o r  r e sponse  i s  too slow f o r  u s e  i n  
pa th  r e g u l a t i o n  b u t  any p a i r  of c o n t r o l s  from { v ,  a, 6 t )  o r  even a l l  t h r e e  
c o n t r o l s  can  be  used as r e g u l a t o r  c o n t r o l s .  The p a i r  (a, St) is  used i n  CTOL 
a i r c r a f t  and w a s  a l s o  found s u i t a b l e  f o r  AWJSRA o p e r a t i o n s  as t h e  b a s i c  
r e g u l a t o r  mode throughout i t s  f l i g h t  envelope. However, t h e  u s e  of a l l  t h r e e  
c o n t r o l s  p rov ides  g r e a t e r  r e g u l a t o r  c o n t r o l  power t h a n  i s  a v a i l a b l e  f o r  any 
s i n g l e  p a i r ,  and t h e  t r i m  s o l u t i o n  a l g o r i t h m  is modi f ied  t o  u t i l i z e  t h e  nozz le  
c o n t r o l  when t h e  b a s i c  r e g u l a t o r  mode s a t u r a t e s ,  as d i s c u s s e d  i n  t h e  nex t  
s e c t i o n .  
&A 
The b a s i c  Trimmap o u t l i n e d  i n  f i g u r e  10(b)  i s  t h a t  element of t h e  Force 
Trimmap of f i g u r e  2 t h a t  d e a l s  w i t h  t h e  s o l u t i o n  of t h e  two trim e q u a t i o n s ,  
equa t ion  (9 ) .  This element encompasses t h e  p r i n c i p a l  des ign  problems r ega rd ing  
n o n l i n e a r i t y  and t r i m  s o l u t i o n  redundancy. 
i n  t h e  Force Trimmap t o  map i n p u t  a c c e l e r a t i o n  commands i n t o  s t a b i l i t y  a x i s  
components (eqs .  (6) and ( 7 ) ) ,  t o  p rov ide  t h e  e l e v a t o r  trim s e t t i n g  t h a t  
ba l ances  o u t  p i t c h i n g  moments a t  t h e  commanded c o n f i g u r a t i o n  (appendix A), and 
t o  p rov ide  a p p r o p r i a t e  a t t i t u d e  commands t h a t  o r i e n t  t h e  a p p l i e d  f o r c e s  
c o r r e c t l y  i n  i n e r t i a l  space  (appendix D ) .  
Add i t iona l  f u n c t i o n s  are r e q u i r e d  
STRUCTURE O F  THE TRIM SOLUTIPN ALGORITHM 
Three of t h e  AWJSRA’S c o n t r o l s  are s u i t a b l e  f o r  p a t h  e r r o r  r e g u l a t i o n .  
I n  g e n e r a l ,  t h e  c o n t r o l  margin a v a i l a b l e  f o r  t h e  r e g u l a t i o n  f u n c t i o n  d i f f e r s  
w i t h  t h e  c o n t r o l  p a i r  used and t h e  t h r e e  c o n t r o l s  ( S t ,  v, Se) c o l l e c t i v e l y  
p rov ide  more c o n t r o l  margin t h a n  is  a v a i l a b l e  from any s i n g l e  p a i r .  Thus, 
t o  o b t a i n  maximum c o n t r o l  margin t h e  trim s o l u t i o n  a l g o r i t h m  must u s e  a l l  t h r e e  
c o n t r o l s .  T h i s  s e c t i o n  i n c l u d e s  a d i s c u s s i o n  of t h e  r e g u l a t o r  c o n t r o l  margin 
and o u t l i n e s  a r e g u l a t o r  c o n t r o l  l o g i c  f o r  t h e  AWJSRA t h a t  u s e s  a l l  t h r e e  
c o n t r o l s .  
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The a c c e l e r a t i o n  c a p a b i l i t y  o r  c o n t r o l  regime of t h e  r e g u l a t o r  c o n t r o l s  - a t  a g i v e n  c o n f i g u r a t i o n  { 6 f ,  v }  and parameter  v a l u e s  p can  be  c a l c u l a t e d  
as t h o s e  a c c e l e r a t i o n s  t h a t  c a n  be  gene ra t ed  i n  e q u a t i o n  (9) by moving t h e  
r e g u l a t o r  c o n t r o l s  over  t h e i r  pe rmi t t ed  r a n g e s  of u s e  f o r  r e g u l a t i o n ;  t h a t  is, 
i f  { a ,  6,) are t h e  r e g u l a t o r  c o n t r o l s  ( f i x e d  n o z z l e  mode) then t h e  c o n t r o l  
regime i s  t h e  envelope  of a c c e l e r a t i o n s  f i l l e d  o u t  by 
- - - _  
6 f , V  (vE,P) = {(&,AN);  6, E [6tmin,6tmax1 ,a E [%iny%axl yaT(X,P,u) = 0 } 
It is  unders tood  i n  equa t ion  (23) t h a t  { 6 f ,  v ,  VE, F} are g iven  and t h a t  
{ a ,  6 t )  are v a r i e d  through t h e i r  pe rmi t t ed  r anges  f o r  r e g u l a t i o n ,  
[cStmin, 6 h a X ] ,  [amin, amax]. 
usage are l i s t e d  i n  t h e  n e x t  s e c t i o n  a long  w i t h  o t h e r  c o n s t r a i n t s .  
t r o l  regime i s  i l l u s t r a t e d  i n  f i g u r e  11 f o r  g l i d e  s l o p e  c o n d i t i o n s .  
(23) 
The numer ica l  v a l u e s  of t h e s e  l i m i t s  on c o n t r o l  
The con- 
Con t ro l  regimes f o r  o t h e r  r e g u l a t o r  c o n t r o l  p a i r s  o r  f o r  a l l  t h r e e  
c o n t r o l s  can  be  d e f i n e d  ana logous ly  
These d i f f e r e n t  c o n t r o l  regimes a re  compared i n  f i g u r e  12 f o r  g l i d e  s l o p e  
c o n d i t i o n s ;  i t  i s  a p p a r e n t  t h a t  t h e  c o n t r o l  regime f o r  a l l  t h r e e  c o n t r o l s  
i n c l u d e s  and is  s i g n i f i c a n t l y  l a r g e r  t han  t h e  regimes of any of t h e  two-control 
r e g u l a t o r s .  
A method of measuring t h e  c o n t r o l  margin a s s o c i a t e d  w i t h  such i r r e g u l a r  
f i g u r e s  i s  n e c e s s a r y  f o r  t h e  c o n f i g u r a t i o n  o p t i m i z a t i o n  a n a l y s i s  of t h i s  
r e p o r t  which a t t e m p t s  t o  maximize t h e  c o n t r o l  margin a t  a l l  o p e r a t i n g  p o i n t s .  
The c o n t r o l  margin a t  a nominal o p e r a t i n g  p o i n t  (Auoy  AN^) i s  d e f i n e d  as t h e  
r a d i u s  of t h e  l a r g e s t  e l l i p s e  of t h e  form 
~2 = 0 2 ( h  - + (AN - A ~ ~ ) ~  (25) 
which can be  i n s c r i b e d  i n  t h e  a c c e l e r a t i o n  envelope. T h i s  is  i l l u s t r a t e d  by 
t h e  e l l i p s e  i n  f i g u r e  11 which i s  c e n t e r e d  a t  t h e  g l i d e  s l o p e  o p e r a t i n g  p o i n t .  
The d e f i n i t i o n  of c o n t r o l  margin c o n t a i n s  a s e l e c t a b l e  parameter o which i s  
t h e  a x i s  ra t r io  of t h e  e l l i p s e .  It r e p r e s e n t s  a weight ing  of normal accelera- 
t i o n  r e l a t ive  t o  l o n g i t u d i n a l  a c c e l e r a t i o n  i n  measuring c o n t r o l  margin and 
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w a s  s e l e c t e d  f o r  t h i s  s tudy  as t h e  r a t i o  of minimum a c c e p t a b l e  a c c e l e r a t i o n  
margins  f o r  t h e  normal and l o n g i t u d i n a l  axes  
a = 5  
This  v a l u e  r e f l e c t s  t h e  approximate r a t i o  of d i s t u r b a n c e  a c c e l e r a t i o n s  and 
cor responding  c o r r e c t i v e  a c c e l e r a t i o n  a c t i v i t y  of t h e  p a t h  r e g u l a t o r  f o r  t h e  
two axes  which r e s u l t s  from t h e  h igh  l i f t - d r a g  r a t i o s ,  on t h e  o r d e r  of 
5 t o  10 ,  f o r  a i r c r a f t .  To f o r m a l i z e  t h e  d e f i n i t i o n  of c o n t r o l  margin,  n o t e  
t h a t  t h e  r e g i o n  occupied by a n  e l l i p s e  of t h e  form of equa t ion  (25)  is  
and t h e  c o n t r o l  margin a t  a g iven  f l i g h t  c o n d i t i o n  and c o n f i g u r a t i o n  is  then 
A method f o r  gene ra t ing  t h e  f i g u r e s  "Qof ,d6f,v, e t c . ,  and c a l c u l a t i n g  c o n t r o l  
margins  i s  desc r ibed  i n  appendix C .  
Con t ro l  margins  f o r  t h e  o t h e r  r e g u l a t o r  modes and f o r  t h e  t h r e e - c o n t r o l l e r  
mode are de f ined  ana logous ly  
(xo,P)  = max{R: 8 (R,A,, ,A~,) C ddf (VEo,p -)I J 
Values of t h e s e  c o n t r o l  margins ,  measured i n  g ' s ,  are  noted i n  f i g u r e  1 2  f o r  
t h e  v a r i o u s  modes and i t  i s  appa ren t  t h a t  t h e  t h r e e - c o n t r o l l e r  r e g u l a t o r  h a s  
t h e  l a r g e s t  margin.  
A conc lus ion  drawn h e r e  is  t h a t  t h e  r e g u l a t o r  l o g i c  must u s e  a l l  t h r e e  
c o n t r o l s  i n  o rde r  t o  r e a l i z e  t h e  maximum a v a i l a b l e  c o n t r o l  margin.  One method 
of impiementing t h i s  f o r  t h e  AWJSRA i s  t o  u s e  t h e  f i x e d  nozz le  r e g u l a t o r  nea r  
t h e  nominal o p e r a t i n g  p o i n t  b u t  t o  swi t ch  t o  a n  a l t e r n a t i v e  mode which varies 
t h e  nozz le  whenever one of t h e  c o n t r o l s  {a, 6,) i s  s a t u r a t e d  a t  a n  extreme 
pe rmi t t ed  v a l u e .  A cor responding  mode-switching diagram f o r  t h e  g l i d e  s l o p e  
case is  shown i n  f i g u r e  13;  t h e  c o n t r o l  regime 
r e g i o n s  i n  which one o r  ano the r  of t h e  t h r e e  c o n t r o l s  is  he ld  f i x e d .  A f low 
diagram f o r  t h e  cor responding  trim s o l u t i o n  a l g o r i t h m  i s  shown i n  f i g u r e  14 .  
d 6 f  i s  subdiv ided  i n t o  
The f ixed-nozz le  mode is  s e l e c t e d  i n  t h e  p r e s e n t  s t u d y  as t h e  c o n t r o l  
mode used n e a r  t h e  nominal o p e r a t i n g  p o i n t ,  o r  central regulator mode. The 
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c o n f i g u r a t i o n  o p t i m i z a t i o n  w i l l  be a i m e a  i n  p a r t  a t  maximizing t h e  c o n t r o l  
margin of t h e  c e n t r a l  mode i n  o r d e r  t o  minimize c o n t r o l  a c t i v i t y  and t h e  
l i k e l i h o o d  of s a t u r a t i n g  t h e  c o n t r o l s  of t h e  c e n t r a l  mode. The f i x e d  n o z z l e  
mode u s e s  t h e  s a m e  p a i r  of c o n t r o l  v a r i a b l e s  as is  used f o r  r e g u l a t i o n  i n  CTOL 
a i r c r a f t  and is  obv ious ly  a p p r o p r i a t e  f o r  t h e  AWJSRA i n  i t s  conven t iona l  
c r u i s e  c o n f i g u r a t i o n .  The p r e s e n t  Trimmap ex tends  t h i s  mode throughout t h e  
AWJSRA f l i g h t  envelope  and a t t e m p t s  t o  p r e s e r v e  good c o n t r o l  power and accep t -  
a b l e  s e n s i t i v i t y  i n t o  t h e  low-speed STOL regime and powered- l i f t  c o n f i g u r a t i o n .  
It does t h i s  by s e l e c t i n g  t h e  c o n f i g u r a t i o n  t o  maximize t h e  c o n t r o l  margin of 
t h e  c e n t r a l  mode and by r e s o r t i n g  t o  t h e  use of t h e  t h i r d  c o n t r o l  when t h e  
c e n t r a l  mode s a t u r a t e s .  More g e n e r a l l y ,  a l t e r n a t i v e  c h o i c e s  of c e n t r a l  mode 
can  be  cons ide red  i n  r e g i o n s  of t h e  f l i g h t  envelope  where improved c o n t r o l  
margin i s  both  needed and a v a i l a b l e  from a n  a l t e r n a t i v e  mode. I t  should a l s o  
be  noted t h a t ,  w h i l e  t h e  m u l t i p l e  mode s t r u c t u r e  of f i g u r e  14  r e a l i z e s  t h e  
maximum a v a i l a b l e  c o n t r o l  margin,  f u r t h e r  improvements i n  c o n t r o l  s e n s i t i v i t y  
should be  a v a i l a b l e  w i t h  a n  a lgo r i thm which u s e s  a l l  t h r e e  c o n t r o l s  s imul t a -  
neous ly  f o r  r e g u l a t i o n ,  b u t  such a n  a l g o r i t h m  i s  o u t s i d e  t h e  scope of t h e  
p r e s e n t  work. 
CONFIGURATION OPTIMIZATION 
The c o n f i g u r a t i o n  schedu le  is t o  be  d e r i v e d  o f f - l i n e  and s t o r e d  on-board 
and t h e  d e r i v a t i o n  seeks  t o  op t imize  t h e  c o n f i g u r a t i o n  s u b j e c t  t o  t h e  opera- 
t i o n a l  c o n s t r a i n t s  on c o n t r o l s  usage  f o r  t h e  a i r c r a f t .  Th i s  s e c t i o n  d e s c r i b e s  
t h e  AWJSRA c o n s t r a i n t s  and t h e  o p t i m i z a t i o n  procedure  used. 
Opera t iona l  C o n s t r a i n t s  f o r  t h e  AWJSRA 
The o p e r a t i o n a l  c o n s t r a i n t s  which bound t h e  a c c e p t a b l e  c o n t r o l  s e t t i n g s  
f o r  s t e a d y  f l i g h t  and f o r  r e g u l a t o r  usage  are  d i scussed  below and l i s t e d  i n  
f i g u r e  1 5 ( a ) .  These are l i m i t s  on t h e  extremes of each c o n t r o l  o r  on f u n c t i o n s  
of t h e  c o n t r o l s .  Many d e t a i l s  of t h e  c o n s t r a i n t s  are unique t o  t h e  AWJSRA 
and i t s  o p e r a t i o n s  as a r e s e a r c h  a i r c r a f t ,  b u t  t h e  l i s t  i s  expected t o  be 
r e p r e s e n t a t i v e  of most powered-lifil a i r c r a f t  i n  t e r m s  of l e n g t h ,  complexi ty ,  
and type of f u n c t i o n s  t o  be  bounded. Cr i te r ia  f o r  c i v i l  o p e r a t i o n  of powered- 
l i f t  STOL a i r c r a f t  are under development ( r e f s .  6-8). 
The f l a p  range  i s  bounded by hardware limits and by a s t r u c t u r a l  p l a c a r d  
on t h e  maximum v a l u e  which is  a f u n c t i o n  of e q u i v a l e n t  a i r s p e e d  ( f i g .  1 5 ( b ) ) :  
1 8  
6 (VE) = min(65,max(3(106.7 - VE) ,0.66(165.5 - V,) ,5.6]) (29) 
fIIlaX 
T h r o t t l e  s e rvo  s t o p s  have been i n s t a l l e d  on t h e  a i r c r a f t  t o  l i m i t  t h e  
extremes used dur ing  au tomat ic  f l i g h t  c o n t r o l ;  t h e  minimum s t o p  i s  ope ra t ed  
by t h e  f l a p  s e t t i n g  and i s  s a t i s f i e d  i n  t h e  p r e s e n t  des ign  by t h e  cont inuous  
p iecewise  l inear  f u n c t i o n  ( f i g .  1 5 ( c ) ) :  
6tmin(Gf) = min(17.6,maxI0.553(6f - 13.2) ,9.31) 
Th i s  minimum i s  w e l l  above the engine  i d l e  s e t t i n g  and 'is s e l e c t e d  t o  l i m i t  
t h e  emergency power recovery  t ime from minimum t h r o t t l e .  
t i m e  is  r e q u i r e d  f o r  flaps-down powered- l i f t  c o n f i g u r a t i o n s  than  o the rwise .  
The maximum t h r o t t l e  s e t t i n g  f o r  nominal o r  s t e a d y  f l i g h t  c o n d i t i o n s  i s  
equ iva len t  t o  t h e  maximum cont inuous  power s e t t i n g  e s t a b l i s h e d  f o r  t h e  engine :  
S h o r t e r  recovery  
6 = 25.6" (31 )  
tmax, NOM 
Th i s  is  t h e  upper l i m i t  imposed on t h r o t t l e  s e t t i n g s  i n  t h e  c o n f i g u r a t i o n  
schedule  d e r i v a t i o n .  Temporar i ly  h ighe r  s e t t i n g s  are permi t ted  f o r  t h e  regu- 
l a t i o n  f u n c t i o n  and f o r  t a k e o f f ;  t h i s  upper l i m i t  i s  implemented by one of t h e  
se rvo  s t o p s .  I n  a d d i t i o n ,  t h e  maximum t h r o t t l e  i s  f u r t h e r  reduced on co ld  
days due t o  a s t r u c t u r a l  l i m i t  on t h e  t h r u s t  f o r c e  which t h e  engine nozz le s  
can suppor t  when nozz le s  are down. Combining t h e s e  l i m i t s  g i v e s  ( f i g .  1 5 ( d ) ) :  
6 ( ~ , 6 )  = m i n ( 2 9 . 4 , 1 3 6 . 6 6  (0.705 + 0.295/6) - 107.174)  (32) 
L a x ,  REG 
Nozzles are l i m i t e d  simply by t h e i r  hardware extremes as noted i n  f i g u r e  1 5 ( a ) .  
- The l i f t  margin a t  a g iven  f l i g h t  c o n d i t i o n  (2, E;) and c o n t r o l  s e t t i n g  u 
is  t h e  amount of l i f t  f o r c e  a c c e l e r a t i o n  t h a t  can be genera ted  by i n c r e a s i n g  
a t o  i t s  s t a l l  o r  maximum pe rmi t t ed  v a l u e ;  t h a t  i s ,  
The l i f t  margin r e f l e c t s  b o t h  a-margin from s t a l l  and speed-margin from i ts  
minimum v a l u e  f o r  equ i l ib r ium f l i g h t  a t  t h e  g iven  f l a p ,  power and nozz le  
s e t t i n g s ;  t h e r e f o r e ,  i t  measures t h e  t o l e r a n c e  of t h e  a i r c r a f t  a t  ( X ,  i s ,  U) 
t o  v e r t i c a l  g u s t s ,  windshears  and speed c o n t r o l  e r r o r s  as w e l l  a s  t h e  a b i l i t y  
4The u s e  of minimum and maximum f u n c t i o n s ,  as i n  equa t ion  (29 ) ,  p rov ides  
a conven ien t ly  compact n o t a t i o n  f o r  r e p r e s e n t i n g  p iecewise  l i n e a r  f u n c t i o n s  i n  
one o r  more v a r i a b l e s .  Funct ions  of one v a r i a b l e ,  such as equa t ion  (29) are, 
however, more e a s i i y  v i s u a l i z e d  i n  t h e  s t anda rd  n o t a t i o n ;  f o r  example, 
f 65 Vr;. < 85 ( :':06-7 - VE) V i  E [85,90]  
("I = 0.66(165.5 - V,) VE E [90,157]  6 fmax 
VE 2 157 
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t o  f l a r e  t h e  a i r c r a f t  from (x, E, 6) u s i n g  a t t i t u d e  changes on ly .  
v a l u e  of l i f t  margin is  r e q u i r e d  a t  a l l  nominal f l i g h t  c o n d i t i o n s  and, f o r  t h e  
AWJSRA, s u i t a b l e  margins  e s t a b l i s h e d  from f l i g h t  expe r i ence  are 0.69 g i n  t h e  
f laps-up  c o n f i g u r a t i o n  and 0.4 g i n  flaps-down (6f 2 30") powered- l i f t  conf ig-  
u r a t i o n s .  These requi rements  are s a t i s f i e d  by t h e  c o n s t r a i n t :  
A minimum 
LM(Z,p,E) > max(O.4,min{0.69,0.0119(63.66 - 6 f )  I )  (34) 
The v a l u e  of 0.69 g matches t h e  u s u a l  speed margin of 30% r e q u i r e d  f o r  CTOL 
a i r c r a f t .  I n  a powered- l i f t  c o n f i g u r a t i o n ,  however, l i f t  can be  genera ted  
from engine  power i n c r e a s e s  as w e l l  as from a n g l e  of a t t a c k  i n c r e a s e s  and a 
lower fixed-power l i f t  margin can be  comfor tab ly  pe rmi t t ed  provided a f ixed -  
power f l a r e  is p o s s i b l e  ( r e f .  7 ) .  
The l i f t - m a r g i n  c o n s t r a i n t  l i m i t s  t h e  a c c e p t a b l e  c o n t r o l  s e t t i n g s  a t  a 
g iven  f l i g h t  c o n d i t i o n .  It can a l s o  be viewed as  p l ac ing  a n  upper bound on 
t h e  nominal v a l u e  of 
t h e  minimum o p e r a t i n g  speed boundary of  t h e  f l i g h t  envelope. This  boundary 
i s  shown i n  f i g u r e  15 (e )  f o r  va lues  of  { S t ,  6 f ,  x ,  i s )  r e p r e s e n t a t i v e  of  t h e  
approach f l i g h t  regime. 
- 
a as a f u n c t i o n  of {St ,  6 f ,  x ,  6 )  o r  as e s t a b l i s h i n g  t h e  
- 
The c o n s t r a i n t s  on p i t c h  a t t i t u d e  l i s t e d  i n  f i g u r e  1 5 ( a )  are approximate 
l i m i t s  favored by p i l o t s .  They are imposed i n  computing t h e  c o n f i g u r a t i o n  
schedule  by cor responding  approximate c o n s t r a i n t s  on "(X, p); assuming 
1. a = @ -  Y
2.  y = sin-'(AU) 
Then t h e  l i m i t s  on a f o r  nominal f l i g h t  c o n d i t i o n s  are 
"NOM E [-loo - sin- l (AU),15" - s i n - l  A,] 
I 
Secondary e f f e c t s  of r o l l  a n g l e  are Ceglec ted  i n  (1) above and y has  
been c a l c u l a t e d  from A,, assuming V i s  n u l l .  More g e n e r a l l y ,  i f  V i s  
nonzero then ,  i n  t h e  extreme cases ,  equa t ion  (35a) imp l i e s  
1. I f  " = " NOM, min then  0 2 Omin f o r  t < o 
2' If " = aNOM,max then 0 < Omax f o r  t 2 o 
and t h i s  ensu res  t h e  p i t c h  a t t i t u d e  c o n s t r a i n t s  i n  most o p e r a t i o n a l  s i t u a t i o n s  
wi th  nonzero 6. I n  a d d i t i o n ,  t h e  c o n s t r a i n t  on touchdown a t t i t u d e  i s  imposed 
by r e q u i r i n g  
"NOM 2 2" - sin-l(A,) 
a t  those  v a l u e s  of {Au, VE} f o r  which touchdown can occur .  
I n  f l i g h t ,  t h e  r e g u l a t o r  v a r i e s  a n g l e  of a t t a c k  around i t s  nominal v a l u e ;  
a n  upper bound t o  p reven t  s t a l l  by t h e  r e g u l a t o r  i s  e s t a b l i s h e d  as 
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This  l i m i t  i s  used i n  c a l c u l a t i n g  t h e  c o n t r o l  margin of a g iven  c o n f i g u r a t i o n  
and p rov ides  a margin from t h e  s t a l l  a n g l e  of a t t a c k  t h a t  g i v e s  a t  l eas t  
0.15 g of l i f t  margin unused by t h e  a u t o p i l o t  i n  t h e  c a s e  of approaches a t  
maximum f l a p  s e t t i n g .  These boundar i e s  are shown i n  f i g u r e  1 5 ( e ) .  
I n  f l i g h t ,  p a t h  e r r o r s  are c o r r e c t e d  by va ry ing  t h e  r e g u l a t o r  c o n t r o l s  
around t h e i r  nominal v a l u e s  g iven  from t h e  c o n f i g u r a t i o n  schedule .  Conse- 
q u e n t l y ,  t h e  c h o i c e  of c o n f i g u r a t i o n  c o n t r o l s  must a l l o w  s u f f i c i e n t  margins 
from t h e  boundar ies  of a i r c r a f t  a c c e l e r a t i o n  c a p a b i l i t y  f o r  u s e  by t h e  
r e g u l a t o r  c o n t r o l s .  Lower l i m i t s  on t h e s e  margins w e r e  t aken  as 
(37) 
Long i tud ina l  a c c e l e r a t i o n  margin k0.05 g 
Normal a c c e l e r a t i o n  margin 20.25 g 
From equa t ion  (7)  and t h e  l i f t  f o r c e  e x p r e s s i o n  i t  can  be  c a l c u l a t e d  t h a t  
t h e s e  v a l u e s  a l l o w  f o r  c o r r e c t i v e  f l i g h t - p a t h  v a r i a t i o n s  of ?3" o r  speed 
c o r r e c t i o n s  a t  20.05 g and can  accommodate h o r i z o n t a l  g u s t s  of 13%-15% of t h e  
a i r s p e e d  wi thou t  exceeding t h e  margins.  I n  t e r m s  of t h e  c o n t r o l  margin measure 
d e f i n e d  i n  e q u a t i o n s  (25) and (28) ,  t h e  above a c c e l e r a t i o n  margin l i m i t s  are 
given by t h e  c o n s t r a i n t  
Th i s  i s  t h e  minimum a c c e p t a b l e  margin when a l l  t h r e e  r e g u l a t o r  c o n t r o l s  are 
cons ide red .  The c o n t r o l  margin of t h e  c e n t r a l  r e g u l a t o r  mode, which u s e s  on ly  
two c o n t r o l s ,  can be less  than t h i s  v a l u e .  I n  t h e  g l i d e  s l o p e  c a s e  p r e v i o u s l y  
shown i n  f i g u r e  1,2 t h e  d e s i r e d  c o n t r o l  margin is  a v a i l a b l e  u s i n g  a l l  t h r e e  
c o n t r o l s  b u t  n o t  f o r  any c h o i c e  of two-con t ro l l e r  modes. 
The e l e v a t o r  i s  used t o  execu te  a n g l e  of a t t a c k  commands from t h e  Trimmap 
and t o  r e g u l a t e  p i t c h  a t t i t u d e  e r r o r s .  A t r i m  e l e v a t o r  s e t t i n g  a s s o c i a t e d  w i t h  
t h e  nominal f l i g h t  c o n d i t i o n ,  and c a l c u l a t e d  as t h a t  e l e v a t o r  s e t t i n g  t h a t  
t r i m s  o u t  a l l  p i t c h i n g  moments due t o  engine  and aerodynamic f o r c e s ,  is  d e r i v e d  
i n  appendix A .  I n  t h e  p r e s e n t  c o n f i g u r a t i o n  schedu le  computations a margin 
of 8" from t h e  l i m i t s  of e l e v a t o r  t r a v e l  w a s  imposed on t h e  a s s o c i a t e d  t r i m  
e l e v a t o r  s e t t i n g  
GeT(X,U) E [-17",7"] 
i n  o r d e r  t o  plrovide some margin f o r  t h e  r e g u l a t i o n  f u n c t i o n s .  
The c o n f i g u r a t i o n  schedu le  i s  d e r i v e d  by i d e n t i f y i n g  t h e  o p e r a t i o n a l l y  
a c c e p t a b l e  r ange  of cho ice  of c o n f i g u r a t i o n s  f o r  s t e a d y  f l i g h t  (eq.  (18)) 
and then  de termining  a unique c h o i c e  t h a t  op t imizes  some parameter of i n t e r e s t .  
The range  of a c c e p t a b l e  c o n f i g u r a t i o n s  is  d e f i n e d  by c o n s t r a i n t s  on c o n t r o l s  
usage,  such as those  l i s t e d  i n  f i g u r e  1 5 ( a )  f o r  t h e  AWJSRA. These c o n s t r a i n t s  
cons ide rab ly  r educe  t h e  range  of c h o i c e  compared t o  t h e  f u l l  se t  of trim solu-  
t i o n s  and a l s o  impose g r o s s  v a r i a t i o n s  of c o n f i g u r a t i o n  over  t h e  f l i g h t  
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envelope. 
i l l u s t r a t e d  i n  f i g u r e  9. 
Both of  t h e s e  e f f e c t s  can be  s e e n  i n  t h e  two examples p r e v i o u s l y  
Conf igu ra t ion  S e l e c t i o n  
Schedules f o r  t h e  f l a p  and nozz le  s e t t i n g s  are t o  b e  determined over  t h e  
f l i g h t  envelope. 
n e x t  i n  two s u c c e s s i v e  s t e p s  u s i n g  t h e  cr i ter ia :  
Schedules t h a t  op t imize  c o n t r o l  c h a r a c t e r i s t i c s  are computed 
1. Select t h e  maximum a c c e p t a b l e  f l a p  a n g l e  
2. S e l e c t  n o z z l e  a n g l e  t o  maximize t h e  r e g u l a t o r  c o n t r o l  margin 
The maximum f l a p  is  s e l e c t e d  w i t h i n  t h e  a c c e p t a b l e  range  of c h o i c e  and 
can be  c a l c u l a t e d  independent of any p a r t i c u l a r  c h o i c e  of n o z z l e  schedu le .  
Th i s  f l a p  s e l e c t i o n  c r i t e r i o n  maximizes t h e  l i f t  marg in ,  which i s  a s t r o n g  
f u n c t i o n  of f l a p .  It emphasizes s a f e t y  and c o n t r o l  i n  t h e  low speed approach 
regime and i s  a l s o  f a v o r a b l e  f o r  f u e l  r equ i r emen t s  i n  t h i s  regime. 
because f l a p  and t h r o t t l e  provide  l i f t  margin in t e rchangeab ly  t h e r e  so  t h a t  a 
h ighe r  f l a p  s e t t i n g  p e r m i t s  a lower r ange  of t h r o t t l e  s e t t i n g s  f o r  t r i m  
( e . g . ,  see f i g .  9 ( b ) ) .  
Th i s  occur s  
A f t e r  t h e  f l a p  schedu le  i s  de termined ,  t h e  nozz le  is  s e l e c t e d  t o  maximize 
t h e  c o n t r o l  margin of t h e  c e n t r a l  r e g u l a t o r .  
t h e  nozz le  s e t t i n g  a t  any g iven  f l i g h t  c o n d i t i o n  and f l a p  s e t t i n g .  Th i s  
s e l e c t i o n  c r i t e r i o n  minimizes c o n t r o l  s e n s i t i v i t y  and s a t u r a t i o n  of t h e  c e n t r a l  
mode, b u t  does n o t  a f f e c t  t h e  c o n t r o l  margin a v a i l a b l e  f o r  a l l  t h r e e  c o n t r o l s ,  
T h i s  margin depends s t r o n g l y  on 
CMr3 f 
An a d d i t i o n a l  s t e p  i s  u s e f u l  t o  a d j u s t  t h e  schedu les  de r ived  from t h e  
above procedure .  
enve 1 ope 
A f t e r  t h e  v a r i a t i o n s  of a l l  parameters  over  t h e  f l i g h t  
are o b t a i n e d ,  t h e  scheduled c o n t r o l s  can be  a d j u s t e d  f o r  any eng inee r ing  
requi rements  f o r  smooth o r  monotonic v a r i a t i o n s ,  o r  f o r  special  r e s t r i c t i o n s  
on c o n t r o l s  i n  r e s t r i c t e d  r e g i o n s  o r  f o r  c e r t a i n  maneuvers. 
The c o n f i g u r a t i o n  s e l e c t i o n  procedure  i s  c a r r i e d  out  e m p i r i c a l l y  i n  t h e  
n e x t  two s e c t i o n s ;  t h e  magnitude of t h e  computa t iona l  t a s k  is  reduced i n  t h e  
s t a t e d  procedure  by op t imiz ing  t h e  f l a p  and nozz le  schedu les  i n  sequence 
r a t h e r  t han  s imul t aneous ly ;  t h i s  is based on t h e  s p e c i a l  p r o p e r t i e s  t h a t  t h e  
parameters  t o  be opt imized  are each s t r o n g l y  dependent on on ly  one of t h e  con- 
f i g u r a t i o n  c o n t r o l s ,  and t h a t  t h e  f l a p  schedu le  can be  optimized independent 
of t h e  n o z z l e  s e t t i n g .  These s p e c i a l i z a t i o n s  reduce  t h e  domain of s e a r c h  i n  
t h e  o p t i m i z a t i o n ;  b u t  t h e i r  e f f e c t  on t h e  margins ob ta ined  i s  expected t o  be 
s m a l l .  
The c o n f i g u r a t i o n  s e l e c t i o n  r u l e s  used emphasize c o n t r o l  c h a r a c t e r i s t i c s  
on t h e  assumption t h a t  l i f t  margin and c o n t r o l  power are margina l  i n  much of 
22 
_ -  
t h e  low-speed STOL approach regime. 
s chedu l ing  i s  then  t o  ma in ta in  a c c e p t a b l e  c o n t r o l  c h a r a c t e r i s t i c s  and t o  
r e a l i z e  as much of t h e  p o t e n t i a l  o p e r a t i n g  envelope of t h e  a i r c r a f t  as is  pos- 
s i b l e  i n  t h i s  margina l  regime. 
i n t e g r a t e  f u e l  and n o i s e  c o n s i d e r a t i o n s  i n t o  t h e  o p t i m i z a t i o n  by t r a d i n g  excess 
l i f t  o r  c o n t r o l  margin ob ta ined  i n  t h e  p r e s e n t  des ign  i n  some r e g i o n s  of t h e  
f l i g h t  envelope f o r  reduced f u e l  ra te  and no i se .  
A major o b j e c t i v e  of t h e  c o n f i g u r a t i o n  
A second gene ra t ion  des ign  can b e  expected t o  
FLAP SCHEDULE 
The f l a p  schedule  t o  b e  used i n  t h e  ACS i s  desc r ibed  i n  t h i s  s e c t i o n .  
The computat ions are done i n  two s t e p s ;  f i r s t ,  t h e  range  of a d m i s s i b l e  f l a p  
s e t t i n g s  is  determined a t  each of a number of o p e r a t i n g  p o i n t s  cove r ing  t h e  
t r a j e c t o r y  envelope of i n t e r e s t , 9 0 ,  and then  a unique  s e t t i n g  is  d e f i n e d  a t  
each p o i n t  and a f u n c t i o n  f i t t e d  t o  t h e s e  v a l u e s  f o r  u s e  i n  t h e  ACS des ign .  
The f l a p  schedu le  g iven  h e r e  i s  approximately t h e  maximum a d m i s s i b l e  f l a p  a t  
each p o i n t  i n  zo. 
of t h e  f l a p  schedu le  i s  a l s o  ana lyzed .  
The i n f l u e n c e  of f l a p  se rvo  ra te  l i m i t s  on t h e  d e s i g n  
Admissible  F lap  S e t t i n g s  
A t  a g iven  f l i g h t  c o n d i t i o n ,  (x, E ) ,  t h e  admissable  f l a p  s e t t i n g s  are 
t h o s e  v a l u e s  f o r  which a t  l ea s t  one a c c e p t a b l e  t r i m  s o l u t i o n  exis ts .  An 
a lgo r i thm t h a t  w a s  used t o  c a l c u l a t e  t h e s e  f l a p  s e t t i n g s  a t  a s u f f i c i e n t  num- 
b e r  of p o i n t s  i s  o u t l i n e d  i n  appendix C. The procedure  is  e n t i r e l y  e m p i r i c a l ;  
a g r i d  of v a l u e s  of f l a p  s e t t i n g s  i s  t e s t e d  a t  a g iven  f l i g h t  c o n d i t i o n  and 
then  t h i s  is  repea ted  f o r  a g r i d  of v a l u e s  of (x, E) cove r ing  t h e  f l i g h t  
c o n d i t i o n s  of i n t e r e s t .  
R e s u l t s  are  shown i n  f i g u r e s  16(a) - (g)  as a series of p l o t s  of t h e  admis- 
s i b l e  f l a p  range  f o r  several p o s i t i v e  v a l u e s  of 
f l i g h t )  and n e g a t i v e  v a l u e s  of 
s t anda rd  parameter  v a l u e s  and a v a l u e  of 1 g f o r  
c a l c u l a t i o n s .  The upper  bound on t h e  admiss ib l e  f l a p  range  i s  l i m i t e d  by t h e  
f l a p  p l aca rd  and, a t  h igh  v a l u e s  of A,, by t h e  c o n t r o l  margin.  The lower 
bound is d i c t a t e d  a t  low speeds  by t h e  l i f t  margin c o n s t r a i n t .  
A, (c l imbing o r  a c c e l e r a t i n g  
& (descending o r  d e c e l e r a t i n g  f l i g h t ) .  The 
AN w e r e  used i n  t h e s e  
F lap  S e l e c t i o n  
The r a t i o n a l e  f o r  f l a p  schedu l ing  is  g iven  below and i s  b a s i c a l l y  a 
g e n e r a l i z a t i o n  of conven t iona l  f l a p  usage.  
g iven  as  a f u n c t i o n  of on ly  two of t h e  v a r i a b l e s  of (x, 6) :  F i r s t ,  t h e  f l a p  schedu le  w i l l  b e  
F* = F*(V,,h) 
Th i s  c h o i c e  p rov ides  f o r  t h e  major t r e n d s  i n  conven t iona l  f l a p  usage;  t h a t  is ,  
f l a p s  are  lowered w i t h  d e c r e a s i n g  speed i n  o r d e r  t o  m a i n t a i n  l i f t  margin w i t h  
t h e  h ighe r  maximum l i f t  c o e f f i c i e n t s  of t h e  flaps-down c o n f i g u r a t i o n .  Second, 
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f l a p s  are r a i s e d  w i t h  i n c r e a s i n g  f l i g h t - p a t h  a n g l e  (or  
speed i n  o r d e r  t o  avoid  t h e  induced d rag  p e n a l t y  of  t h e  flaps-down conf igura-  
t i o n  which must b e  overcome by engine  t h r u s t .  
h) and w i t h  i n c r e a s i n g  
Thi rd ,  t h e  f l a p  w i l l  b e  scheduled t o  g i v e  t h e  maximum admiss ib l e  f l a p  set- 
t i n g ,  o r  e q u i v a l e n t l y ,  t o  maximize t h e  l i f t  margin.  T h i s  cho ice  matches cur- 
r e n t  p r a c t i c e  w i t h  t h e  AWJSRA i n  t h e  approach regime and minimizes a n g l e  of 
a t t a c k  w i t h  r e s p e c t  t o  f l a p  s e t t i n g .  It i s  unfavorab le  f o r  f u e l  requi rements  
a t  h ighe r  speeds  b u t  f a v o r a b l e  a t  lower speeds  so t h a t  a minimum f u e l  d e s i g n  
would d i f f e r  from t h e  p r e s e n t  des ign  i n  some r e g i o n s  of t h e  f l i g h t  envelope.  
L i f t  margin is  a n  a p p r o p r i a t e  c o n t r o l  c h a r a c t e r i s t i c  t o  op t imize  i n  t h e  f l a p  
s e l e c t i o n  since i t  i s  a s t r o n g  f u n c t i o n  of f l a p .  Opt imiza t ion  of t h e  c o n t r o l  
margin,  CMGf ,  w a s  a l s o  cons ide red  s i n c e  i t  is  a f u n c t i o n  of t h e  f l a p  a n g l e  
and i s  independent  of t h e  nozz le  s e l e c t i o n ,  b u t  i t  w a s  found t h a t  CMGf w a s  
i n s e n s i t i v e  t o  f l a p  s e t t i n g .  
The e f f e c t  o f  f l a p  cho ice  on t h e  remaining c o n t r o l s  of t h e  t r i m  s o l u t i o n  
i s  i l l u s t r a t e d  f o r  two f l i g h t  c o n d i t i o n s  i n  f i g u r e  9.  The f l a p  s e l e c t i o n  
removes one d e g r e e  of redundancy and narrows t h e  remaining c h o i c e  t o  a s i n g l e  
c o n s t a n t  f l a p  l i n e  i n  f i g u r e  9. I n  t h e  g l i d e  s l o p e  case t h e  maximum f l a p  
p rov ides  t h e  w i d e s t  c h o i c e  of a c c e p t a b l e  t r i m  s o l u t i o n s ,  t h e  minimum t h r o t t l e  
and f u e l  ra te ,  and t h e  minimum c1 and maximum l i f t  margin compared t o  o t h e r  
f l a p  v a l u e s .  I n  t h e  h ighe r  speed case t h e  lowes t  t h r o t t l e  s e t t i n g  occur s  a t  
minimum f l a p .  I n  bo th  cases t h e  u s u a l  i n t e r c h a n g e  between f l a p  and a n g l e  of 
a t t a c k  as  l i f t  g e n e r a t o r s  i s  evidenced by t h e  n e a r l y  p a r a l l e l  f l a p  con tour s  
and,  more g e n e r a l l y ,  i s  p r e s e n t  mdependent  of c o n f i g u r a t i o n  and f l i g h t  condi- 
t i o n .  A t  low speeds  eng ine  power i s  a l s o  used t o  g e n e r a t e  l i f t  and a s i m i l a r  
f l a p - t h r o t t l e  i n t e r c h a n g e  occur s  w h i l e  a t  h i g h  speeds  t h e  conven t iona l  r e l a t i o n  
between f l a p  and t h r o t t l e  s e t t i n g  due  t o  t h e  induced d rag  v a r i a t i o n  w i t h  f l a p  
is  ob ta ined .  
F l ap  Schedule  
The f l a p  schedu le  w i l l  be  g iven  i n  t h e  form of a p iecewise  l i n e a r  f u n c t i o n  
s u i t a b l e  f o r  u s e  i n  t h e  Trimmap. Th i s  f u n c t i o n  w a s  de r ived  t o  f i t  t h e  maximum 
admiss ib l e  f l a p  w i t h i n  t h e  domain of x f o r  which a nonzero range  of admis- 
s i b l e  f l a p  s e t t i n g s  is  a v a i l a b l e ;  o u t s i d e  t h i s  domain t h e  f i t t e d  f u n c t i o n  
ex tends  l i n e a r l y .  The e r r o r s  i n  f i t t i n g  t h e  maximum admiss ib l e  f l a p  are  
des igned  t o  ma in ta in  t h e  scheduled f l a p  i n s i d e  i t s  a d m i s s i b l e  range  over  as 
much of t h e  f l i g h t  regime as p o s s i b l e .  The schedu le  i s  
- 
F*(A,,VE) = min(FUB(AU) ,max{F1 ( ~ , V E )  ,5 .61)  
where F ~ ~ ( A ~ )  = min(65,max{538.5(0.1207 - h) ,301) 
140 - VE 90 kno t s  VE 
VE > 90 kno t s  F1(AU9VE) =(“pn(%) + 0.6627(90 - VE) 
F90(AU) = min(50,max{333.3(0.215 - A,) ,301) J 
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I n  form, F* is  a g e n e r a l i z a t i o n  of  t h e  f l a p  p l a c a r d  f u n c t i o n  (eq.  ( 2 9 ) ) ,  
which i s  a l i n e a r  f u n c t i o n  of VE l i m i t e d  by t h e  f l a p  extremes;  i n  FJc, t h e  
parameters  of t h a t  form have been made f u n c t i o n s  of A,. 
The v a r i a t i o n  of  F* wi th  VE i s  g iven  i n  f i g u r e  16 (h )  f o r  several 
b reakpo in t  v a l u e s  o f  t h e  parameters  d e f i n i n g  t h i s  v a r i a t i o n  are l i n e a r  
f u n c t i o n s  o f  A, between t h e s e  va lues .  P l o t s  of F* are a l s o  superposed on 
t h e  a d m i s s i b l e  f l a p  r anges  i n  f i g u r e  16(a) - (g)  and i t  is  seen  t h a t  t h e r e  i s  
a lmost  no l o s s  of a c c e p t a b l e  f l i g h t  envelope  by t h e  f i t t e d  f u n c t i o n ,  F*. The 
parameters  o f  F* are based p r i n c i p a l l y  on the s t anda rd  case d a t a  ( f i g .  16)  
and t h e r e f o r e  f i t  t h a t  case b e s t .  However, t hey  have a l s o  been a d j u s t e d  t o  
maximize t h e  a c c e p t a b l e  f l i g h t  envelope  f o r  v a l u e s  of  AN o t h e r  t han  1 .0  and 
i n  o r d e r  t o  a d j u s t  t h e  implied p i t c h  a t t i t u d e s  i n  some r e g i o n s  of t h e  envelope.  
A,; 
The complete f l a p  schedu le  i s  shown by a contour  p l o t  i n  f i g u r e  1 7 .  The 
expected t r e n d s  are v i s i b l e ;  t h a t  i s ,  F* dec reases  monotonica l ly  w i t h  inc reas -  
i ng  VE o r  &. The v a r i a t i o n  w i t h  VE i s  independent  of A, f o r  n e g a t i v e  
v a l u e s  of h. Thus, pul l -up t o  level f l i g h t  from any s t e a d y  descen t  i s  
executed wi thou t  f l a p  c o n f i g u r a t i o n  changes a t  any speed.  For p o s i t i v e  v a l c e s  
of A, f l a p  reduces  w i t h  Au t o  a speed-dependent minimum v a l u e .  The f l a p  
schedule  F* is de f ined  a t  a l l  f l i g h t  c o n d i t i o n s  bo th  i n s i d e  a n d ' o u t s i d e  t h e  
a c c e p t a b l e  f l i g h t  envelope,  as seen  i n  f i g u r e  1 7 ,  even though i t  i s  f i t t e d  
only  t o  d a t a  i n s i d e  t h a t  envelope.  I n a d v e r t e n t  excur s ions  of t h e  a i r c r a f t  
o u t s i d e  t h e  a c c e p t a b l e  f l i g h t  envelope e n t e r  a marg ina l  r e g i o n  i n  which t r i m  
s o l u t i o n s  e x i s t  b u t  are  unaccep tab le  f o r  s t eady  f l i g h t .  Owing t o  i t s  l i n e a r -  
i t y ,  t h e  schedule ,  (eq.  (39) ) ,  prov ides  a margina l  r e g i o n  of adequate  s i z e  t o  
accommodate such excur s ions .  
F l ap  Command R a t e s  
I n  t h e  des ign  p rocess  d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n ,  and i n  t h e  d e s i g n  
of Ffc so  f a r  d e s c r i b e d ,  t h e  schedu l ing  problem i s  t r e a t e d  as one t h a t  can be  
so lved  independent ly  a t  each p o i n t  i n  t h e  f l i g p t  envelope assuming t h a t  each 
p o i n t  i s  a s t e a d y  o r  quas i - s teady  f l i g h t  c o n d i t i o n .  The t r a n s i e n t  v a r i a t i o n s  
of Uc necessa ry  t o  go from one s t e a d y  f l i g h t  c o n d i t i o n  t o  ano the r  w e r e  n o t  
cons idered  nor w e r e  c o n t r o l  rate c o n s t r a i n t s  imposed on t h e  schedule .  However, 
t h e  c o n t r o l  s e rvo  a c t u a t o r s  are u s u a l l y  rate o r  bandwidth l i m i t e d  and t r a n s i e n t  
c o n t r o l  l a g s  w i l l  occur  d u r i n g  maneuvers i f  t h i s  l i m i t  is  s a t u r a t e d .  I n  
g e n e r a l ,  if z c ( t )  i s  t h e  commanded h i s t o r y  of f l i g h t  c o n d i t i o n s  f o r  any 
maneuver o r  ' t r a j e c t o r y  w i t h i n  t h e  domain of i n t e r e s t ,  and t h e  Trimmap i s  
r ep resen ted  as  u*(x) ,  t hen  t h e  cor responding  commanded c o n t r o l  rates are 
g iven  by 
AC = [VliU*(XCJ xc 
These rates depend on bo th  t h e  maneuver and t h e  Trimmap's c o n f i g u r a t i o n  
schedule .  
The AWJSRA f l a p  i s  t h e  s lowes t  of t h e  c o n t r o l s  and h a s  t h e  rate l i m i t  
= 3.5"Isec  I '''ma, 
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The f l a p  command rates i n  maneuvering f l i g h t  impl ied  by t h e  f l a p  schedule  a re  
The p a r t i a l s  of F* are p iecewise  c o n s t a n t  and are shown i n  f i g u r e  18. The 
maximum maneuver command rates from t h e  command g e n e r a t o r  are ob ta ined  from 
e q u a t i o n s  (7)  and (8) as 
For speed-change maneuvers t h e  f l a p  ra te  l i m i t  i s  s a t u r a t e d  i f  
S ince  laF*/aV~l  i s  less than  t h i s  v a l u e  a t  a l l  f l i g h t  condi t ions ,  ( f i g .  1 8 ( a ) ) ,  
t h e  u s e  of F* w i l l  n o t  s a t u r a t e  t h e  f l a p  r a t e  l i m i t  as a r e s u l t  of speed 
changes.  The ra te  of change of A, i s  due p r i m a r i l y  t o  commanded f1igh;-path 
a n g l e  rates.  S ince  y i s  conf ined  t o  s m a l l  a n g l e s ,  maximum v a l u e s  of 41 
can  occur  on ly  b r i e f l y  and some f l a p  r a t e  s a t u r a t i o n  can be t o l e r a t e d  du r ing  
f l i g h t - p a t h  a n g l e  changes.  The v a l u e  of t h e  p a r t i a l  f o r  which r a t e  s a t u r a t i o n  
occur s  is  
The p a r t i a l  of F* exceeds t h i s  l i m i t  by f a c t o r s  of 3 t o  10  i n  those  r e g i o n s  
where t h e  p a r t i a l  i s  nonzero ( f i g .  1 8 ( b ) ) .  F l ap  l a g s  as h igh  as 15" have 
occurred  i n  s imula t ed  maneuvers. However, t h e  Trimmap is  des igned  t o  avoid 
maneuver execu t ion  e r r o r s  du r ing  c o n f i g u r a t i o n  l a g s  by us ing  t h e  a c t u a l  f l a p  
v a l u e  i n  t h e  t r i m  s o l u t i o n  a lgo r i thm r a t h e r  t han  t h e  commanded f l a p  ( s e e  
f i g .  1 0 ( b ) ) .  This  p rov ides  au tomat ic  ad jus tment  of t h e  r e g u l a t o r  c o n t r o l s  t o  
compensate f o r  f l a p  l a g  s o  t h a t  t h e  maneuver a c c e l e r a t i o n  commands are 
a c c u r a t e l y  fo l lowed.  
To summarize, c o n f i g u r a t i o n  c o n t r o l  ra te  l i m i t s  a re  of consequence on ly  
du r ing  maneuvering, 
Gc # 0 
s i n c e  t h i s  i s  t h e  on ly  occas ion  f o r  s i g n i f i c a n t  nominal c o n t r o l  a c t i v i t y ,  
l o s s  of a c c e p t a b i l i t y  of t h e  r e s u l t i n g  nonscheduled c o n f i g u r a t i o n .  T h i s  
should b e  prevented f o r  l ong  d u r a t i o n  maneuvers by l i m i t i n g  t h e  a p p r o p r i a t e  
s chedu le  g r a d i e n t  i n  accordance w i t h  maneuver l i m i t s  of t h e  command g e n e r a t o r  
and t h e  c o n t r o l  ra te  l i m i t .  For s h o r t  d u r a t i o n  maneuvers c o n f i g u r a t i o n  l a g  
can  be  t empora r i ly  t o l e r a t e d  b u t  must b e  c o r r e c t l y  compensated by t h e  regula-  
t o r  c o n t r o l s  i n  o r d e r  t o  o b t a i n  adequate  t r a c k i n g  of t h e  maneuver commands. 
# 0. The e f f e c t  of r a t e - l i m i t  s a t u r a t i o n  i s  c o n t r o l  l a g  and a p o s s i b l e  
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NOZZLE SCHEDULE 
The n o z z l e  schedu le  t o  be  used i n  t h e  Trimmap is  d e r i v e d  i n  t h i s  s e c t i o n .  
The n o z z l e  i s  scheduled t o  maximize t h e  c o n t r o l  margin of t h e  f ixed-nozz le  
regulator ,CMgf v, everywhere i n  t h e  a c c e p t a b l e  f l i g h t  envelope. A computer- 
gene ra t ed  s o l u t i o n  f o r  t h e  optimum nozz le ,  v*(x) ,  is  g iven  f i r s t  and then a 
f i t t e d  f u n c t i o n  t o  b e  implemented i n  t h e  a i r b o r n e  computer, j * ( x ) ,  i s  g iven  
a long  w i t h  con tour  p l o t s  of t h e  cor responding  v a l u e s  of t h e  o t h e r  c o n t r o l s  and 
parameters  of i n t e r e s t  which depend on t h e  c o n f i g u r a t i o n  schedule .  
o p t i m i z a t i o n  c a l c u l a t i o n s  are c a r r i e d  o u t  a t  t h e  s t a n d a r d  parameter v a l u e s .  
The 
Optimum Nozzle Angle, v* 
The computa t iona l  procedure  used t o  g e n e r a t e  t h e  n o z z l e  s e t t i n g  f o r  maxi- 
mum c o n t r o l  margin i s  o u t l i n e d  i n  appendix C .  The e f f e c t  of nozz le  s e t t i n g  on 
c o n t r o l  margin i s  i l l u s t r a t e d  i n  f i g u r e  19 f o r  t h e  g l i d e  s l o p e  c a s e ;  t h e  
c o n t r o l  regimes f o r  s e v e r a l  v a l u e s  of n o z z l e  a n g l e  a long  w i t h  t h e  g l i d e  s l o p e  
o p e r a t i n g  p o i n t  are shown. The c o n t r o l  margin a t  a g iven  nozz le  a n g l e  i s  
r e l a t e d  t o  t h e  minimum d i s t a n c e  from t h e  o p e r a t i n g  p o i n t  t o  t h e  boundary of 
t h e  cor responding  c o n t r o l  regime; as seen i n  f i g u r e  1 9 ,  t h i s  d i s t a n c e  i s  
s t r o n g l y  dependent on nozz le  a n g l e ,  and is  even undef ined  a t  t h e  h i g h e s t  and 
lowes t  nozz le  a n g l e s  f o r  which t h e  c o n t r o l  regimes do n o t  e n c l o s e  t h e  o p e r a t i n g  
p o i n t .  
The e f f e c t  of nozz le  a n g l e  on c o n t r o l  margin i s  seen  more g e n e r a l l y  i n  
f i g u r e  20 f o r  v a r i o u s  v a l u e s  of A, a t  low speed and a t  c r u i s e  speed (65 
and 160 k n o t s ) .  The cu rves  are dashed o u t s i d e  t h e  range  of a c c e p t a b l e  t r i m  
s o l u t i o n s  which is  l i m i t e d  by bounds on l i f t  margin,  t h r o t t l e ,  o r  a t t i t u d e .  
I n  t h e  low speed c a s e  ( f i g .  2 0 ( a ) ) ,  d e f i n i t e  c o n t r o l  power maxima occur  a t  each 
A,, and t h e  optimum nozz le  a n g l e  i n c r e a s e s  w i t h  d e c r e a s i n g  A,. The conven- 
t i o n a l  minimum-nozzle c o n f i g u r a t i o n  i s  n o t  w i t h i n  t h e  a c c e p t a b l e  r ange  a t  any 
v a l u e  of Au a t  t h i s  speed so t h a t  t h e  a i r c r a f t  r e q u i r e s  vec to red  t h r u s t  t o  
f l y  a c c e p t a b l y  a t  t h i s  speed. I n  some c a s e s  t h e  maximum occur s  o u t s i d e  t h e  
a c c e p t a b l e  range  due t o  i n s u f f i c i e n t  l i f t  margin and a c o n s t r a i n e d  optimum 
nozz le  v a l u e  w i t h  lower c o n t r o l  margin must be s e l e c t e d .  The cor responding  
t h r o t t l e  i s  seen  t o  be  t h e  minimum f o r  t h e  a c c e p t a b l e  range  of s o l u t i o n s  and 
t h e  optimum s o l u t i o n  a t  t h i s  speed has  the minimum i i f t  margin. 
A t  c r u i s e  speed ( f i g .  20(b))  t h e r e  i s  c o n s i d e r a b l y  g r e a t e r  c o n t r o l  margin 
than  a t  65 k n o t s ,  b u t  t h e  cu rves  a g a i n  have d e f i n i t e  maxima. These occur on 
t h e  nozzles-up boundary a t  l e v e l  and c l imbing  f l i g h t  and a t  h ighe r  nozz le  a n g l e  
f o r  a l l  descending o r  d e c e l e r a t i n g  f l i g h t .  The uncons t r a ined  optimum n o z z l e  
is  now w i t h i n  t h e  a c c e p t a b l e  range  and can  be  s e l e c t e d .  However, t h e  co r re -  
sponding t h r o t t l e  s e t t i n g  is  h ighe r  t h a n  a t  lower a c c e p t a b l e  c h o i c e s  of t h e  
nozz le  a n g l e  and, a t  t h i s  speed,  some c o n t r o l  margin could  be  t r aded  f o r  lower 
f u e l  rates by s e l e c t i n g  lower n o z z l e  a n g l e s .  The r e q u i r e d  t h r o t t l e  i n c r e a s e s  
w i t h  nozz le  a n g l e  a t  a l l  f l i g h t  c o n d i t i o n s  shown i n  f i g u r e  20 and t h i s  r e l a t i o n -  
s h i p  between t h r o t t l e  and n o z z l e  occur s  g e n e r a l l y  a t  o t h e r  f l i g h t  c o n d i t i o n s .  
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The u s e  of t h r u s t  v e c t o r i n g  i s  n o t  a c t u a l l y  r e q u i r e d  a t  c r u i s e  speed by t h e  
o p e r a t i o n a l  c o n s t r a i n t s  except  f o r  ve ry  s t e e p  descen t  o r  t o  g e n e r a t e  maximum 
d e c e l e r a t i o n .  
A contour  p l o t  of t h e  opt imized  n o z z l e  a n g l e  v* i s  shown i n  f i g -  
u r e  21 (a ) .  Th i s  is  p l o t t e d  f o r  normal s p e c i f i c  f o r c e  a t  1 g ,  which cor responds  
c l o s e l y  t o  s t a t i c  e q u i l i b r i u m  f l i g h t  c o n d i t i o n s .  The con tour s  are roughly  
p a r a l l e l  and v a r y  p r i n c i p a l l y  w i t h  l o n g i t u d i n a l  s p e c i f i c  f o r c e .  The nozz le s -  
up conven t iona l  c o n f i g u r a t i o n  is  used f o r  level and c l imbing  o r  a c c e l e r a t i n g  
f l i g h t  a t  speeds  above 90 kno t s .  Below 90 k n o t s  and i n  descending o r  d e c e l e r -  
a t i n g  f l i g h t  t h e  n o z z l e s  are lowered f o r  maximum c o n t r o l  power and r each  nea r -  
maximum v a l u e s  a t  t h e  extreme d e c e l e r a t i n g  boundary. The boundary of t h i s  
p l o t  e n c l o s e s  t h e  a c c e p t a b l e  f l i g h t  envelope w i t h i n  which v* i s  d e f i n e d .  
I n  some r e g i o n s  of t h i s  envelope ,  v* i s  g iven  by t h e  uncons t ra ined  maximum 
c o n t r o l  margin b u t  o t h e r w i s e  i s  a t  a boundary of t h e  range  of a c c e p t a b l e  n o z z l e  
a n g l e s  so  t h a t  some c o n s t r a i n t  parameter  is  a t  a n  extreme pe rmi t t ed  v a l u e .  A 
s u b d i v i s i o n  of t h i s  a c c e p t a b l e  f l i g h t  envelope  i n t o  such  r e g i o n s  is  shown i n  
f i g u r e  21(b) .  The c r i t i c a l  low-speed r e g i o n  is  c h a r a c t e r i z e d  by minimum l i f t  
margin, wh i l e  t h e  minimum f l i g h t  p a t h  a n g l e  r e g i o n  i s  c h a r a c t e r i z e d  by minimum 
p i t c h  a t t i t u d e s .  A t  t h e  edges of t h e  a c c e p t a b l e  f l i g h t  envelope a second 
c o n s t r a i n t  parameter ,  u s u a l l y  t h e  t h r o t t l e ,  r e a c h e s  a n  extreme and t h e  
a c c e p t a b l e  r ange  of n o z z l e  a n g l e s  narrows t o  a s i n g l e  v a l u e .  
Fuel  min imiza t ion  is  n o t  cons ide red  i n  t h e  p r e s e n t  maximum c o n t r o l  margin 
des ign  of t h e  n o z z l e  schedu le ,  b u t  t h e  f u e l  r equ i r emen t s  of t h e  schedu le  can  
be  eva lua ted .  Fue l  requi rements  v a r y  w i t h  n o z z l e  s e t t i n g  s i n c e  t h e  r e q u i r e d  
t h r o t t l e  s e t t i n g  and,  t h e r e f o r e ,  f u e l  rate and n o i s e ,  va ry  d i r e c t l y  w i t h  
nozz le  a n g l e  ( f i g .  20) .  The a c c e p t a b l e  n o z z l e  s e t t i n g s  f o r  maximum c o n t r o l  
margin and f o r  minimum t h r o t t l e  s e t t i n g  c o i n c i d e  i n  t h e  two r e g i o n s  of con- 
s t r a i n e d  o p t i m i z a t i o n  cor responding  t o  minimum n o z z l e  and minimum l i f t  marg in ,  
b u t  n o t  i n  t h e  r e g i o n  of uncons t r a ined  o p t i m i z a t i o n .  Consequently,  some f u e l  
r e d u c t i o n  is  p o s s i b l e  i n  t h i s  r e g i o n  by t r a d i n g  e x c e s s  c o n t r o l  margin f o r  
reduced t h r o t t l e  s e t t i n g s .  Data f o r  such a schedu le  w e r e  computed and t h e  
computations showed f u e l  r e d u c t i o n s  over  a regime of h ighe r  speeds  and descend- 
i n g  f l i g h t  (V, > 110 k n o t s ,  A, < 0 )  w i t h  maximum r e d u c t i o n s  i n  t h r o t t l e  s e t t i n g  
a t  s t e e p  d e s c e n t s  (y  - -5" t o  -7'). However, on ly  t h e  margins of t h i s  r e g i o n  
are used by t y p i c a l  approaches s o  t h e  nozz le  schedu le  f o r  t h e  p r e s e n t  tes ts  
w a s  n o t  modified t o  i n c o r p o r a t e  t h e s e  improvements. 
Nozzle Schedule 
The optimized n o z z l e  schedu le  is  t o  be  implemented i n  an a i r b o r n e  d i g i t a l  
computer. Several methods are a v a i l a b l e ,  t h e  c h o i c e  be ing  in f luenced  by con- 
s t r a i n t s  on s t o r a g e  and computation t i m e  i n  t h e  a i r b o r n e  computer and by t h e  
ease of a d j u s t i n g  t h e  implemented schedu le  i n  d i f f e r e n t  r e g i o n s  of t h e  f l i g h t  
envelope t o  i t e r a t i v e l y  improve t h e  f i t ,  o r  as may be  r e q u i r e d  fo l lowing  
s i m u l a t i o n  o r  f l i g h t  tests. The a v a i l a b l e  methods f o r  modeling such empiri-  
c a l l y  determined f u n c t i o n s  i n c l u d e  (1) programming t h e  g e n e r a t i n g  a lgo r i thm 
on-board and g e n e r a t i n g  v* on-l ine,  (2) s t o r i n g  t h e  t a b u l a t e d  d a t a  
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(O;JK] = ( V n ( A U i , V ~ j , A ~ k ) ;  i = 1, . . .,NI, j = 1, . . ., NJ, k = 1, . . ., 
t h a t  would b e  genera ted  o f f - l i n e  and us? t a b l e  i n t e r p o l a t i o n  on-board, and 
( 3 )  f i t t i n g  a n  approximating f u n c t i o n ,  v*(x ) ,  t o  t h e  given t a b u l a t e d  d a t a ,  
{V;JK}. Method (3) w i l l  b e  used h e r e ;  method (1) cannot  b e  used f o r  l a c k  of 
bo th  s t o r a g e  and computat ion t i m e  i n  t h e  a i r b o r n e  computer and method ( 2 )  
r e q u i r e s  l a r g e  s t o r a g e ,  i n  t h e  amount NI NJ NK, b u t  is  e a s i l y  a d j u s t e d .  
Method ( 3 )  r e q u i r e s  t h e  s t o r a g e  of r e l a t i v e l y  few parameters  b u t  t h e  f i t t e d  
f u n c t i o n  ;*(x) i s  d i f f i c u l t  t o  g e n e r a t e  o r  a d j u s t .  
The f i t t i n g  f u n c t i o n  w a s  s e l e c t e d  and t h e  parameters  of t h e  f i t  eva lua ted  
"by hand'' u s ing  t h e  procedure o u t l i n e d  n e x t .  
t h e  v a r i a t i o n  of v:k wi th  i t s  independent  v a r i a b l e s ,  {A,, AN, VE}, one 
v a r i a b l e  a t  a t i m e  and i n  t h e  o r d e r  of t h e i r  importance i n  i n f l u e n c i n g  t h e  
observed behavior  of v*; t h a t  i s :  
The procedure  i s  organized  t o  f i t  
1. Selec t  a f u n c t i o n a l  form, v"(c, Au), t o  f i t  t h e  observed v a r i a t i o n  of 
vJc wi th  A,. Here, F r e f e r s  t o  t h e  parameters  of t h e  f u n c t i o n .  For example, 
a bounded s t r a i g h t  l i n e  f i t  i s  
v* = min[,,,,,max[a + b&,vminl] 
2 .  S e l e c t  VEJ ,  ANK from { V E ~ ) ,  {ANk} and c a l c u l a t e  t h e  parameters ,  - 
CJK,  which b e s t  f i t  t h e  d a t a  {v; K ,  i = 1, . . ., NI). Repeat t h i s  s t e p  f o r  
a l l  v e l o c i t i e s  (vE.1  t o  o b t a i n  t i e  set  of parameters  { c j k ,  j = 1, . . ., NJ). J 
A 
3 .  Selec t  a f u n c t i g n a l  form, c ( d ~ ,  V,), t o  f i t  t h e  observed v a r i a t i o n  - 
of c wi th  VE. Here, dk r e f e r s  t o  t h e  parameters  of t h e  f u n c t i o n .  
4 .  C a l c u l a t e  t h e  parameter  v a l u e s ,  ak, which b e s t  f i t  t h e  d a t a  - 
{ c j k ,  j = 1, . . ., N J ) .  
f o r  a l l  v a l u e s  of normal s p e c i f i c  f o r c e ,  {ANk} t o  o b t a i n  t h e  set  of parameters  
Repeat t h e s e  computat ions,  beginning  wi th  s t e p  2 ,  
{dk,  k = 1, . . ., NK}. 
A 
5. S e l e c t  and f i t  an  approximating f u n c t i o n ,  d(AN), t o  t h e s e  d a t a .  
Th i s  procedure results i n  a f u n c t i o n  of t h e  form 
where 
The nonunique cho ices  of f i t t i n g  f u n c t i o n  and parameter  v a l u e s  a t  each 
s t e p  of t h e  above procedure  a l l o w  u s e f u l  l a t i t u d e  t o  impose eng inee r ing  
judgment. However, i t  has  proved cumbersome, and a more a l g o r i t h m i c  approach 
would be necessary  i f  more than  t h r e e  independent  v a r i a b l e s  w e r e  d e s i r e d  i n  
t h e  schedule .  The f u n c t i o n a l  forms s e l e c t e d  a t  each s t e p  should be  cont inuous ,  
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and l i n e a r  forms are p r e f e r r e d  t o ,  s a y ,  po lynomia ls  because  they  ex tend  
l i n e a r l y  beyond t h e  domain f o r  which t h e  d a t a  are f i t t e d .  I n  a d d i t i o n ,  t h e  
s e l e c t e d  form should be s u f f i c i e n t l y  e l a b o r a t e  t o  m e e t  t h e  accuracy  o b j e c t i v e s  
of t h e  f i t t i n g  p r o c e s s ;  t h a t  is ,  ;* should  remain w i t h i n  t h e  range  of accep t -  
a b l e  nozz le  a n g l e s  over as much of t h e  a c c e p t a b l e  f l i g h t  envelope  of v* as 
i s  p o s s i b l e ;  no i n t e r i o r  r e g i o n  of t h i s  envelope  should become unaccep tab le  as 
a r e s u l t  of i n a c c u r a c i e s  i n  t h e  approximating f u n c t i o n ;  and t h e  f i t t i n g  
accuracy  should be  g r e a t e s t  nea r  t h e  boundar i e s  of t h e  a c c e p t a b l e  f l i g h t  
envelope  where t h e  range  of a c c e p t a b l e  n o z z l e  a n g l e s  is  smallest and c o n t r o l  
power i s  marg ina l .  
I n  t h e  p r e s e n t  problem t h e  behavior  of v* d i f f e r s  d i s t i n c t l y  among t h e  
r e g i o n s  shown i n  f i g u r e  21(b) b u t  i s  c o n s i s t e n t  w i t h i n  any r e g i o n ,  s o  t h a t  a 
d i f f e r e n t  f u n c t i o n  is  expected t o  be  r e q u i r e d  i n  o r d e r  t o  model v* a c c u r a t e l y  
on each  r eg ion .  A s u i t a b l e  form w a s  d e r i v e d  as 
<*(x) = min(L04,maxCRo(x) ,R,(x) ,q(x) ,6 "1)  (42) 
where q(x)  models v* i n  t h e  r e g i o n  of uncons t r a ined  maximum c o n t r o P  power 
and i s  q u a d r a t i c  i n  A,, and L o ,  R 1  are bo th  l i n e a r  i n  A, and model v* 
i n  t h e  r e g i o n  of minimum l i f t  margin. Two f u n c t i o n s  are r e q u i r e d  i n  t h i s  
r e g i o n  i n  o r d e r  t o  model t h e  e f f e c t s  of p i ecewise  l i n e a r  v a r i a t i o n s  i n  t h e  
unde r ly ing  f l a p  schedule .  Otherwise,  ;* is  bounded by t h e  minimum and 
maximum nozz le  a n g l e s .  The f i t t i n g  f u n c t i o n  is  f u r t h e r  d e f i n e d  i n  f i g u r e  22(a) 
t o g e t h e r  w i t h  a s u b d i v i s i o n  of t h e  domain i n t o  r e g i o n s  on which ?* is  g iven  
by one o r  ano the r  of t h e  f u n c t i o n s  i n  equa t ion  (42) and which can be compared 
w i t h  t h e  s u b d i v i s i o n  shown i n  f i g u r e  21(b) .  
A contour  p l o t  of ?* i s  shown i n  f i g u r e  22(b) and can  be compared wi th  
t h e  o r i g i n a l  f u n c t i o n  i n  f i g u r e  21 (a ) .  
The approximat ing  f u n c t i o n ,  <* (x ) ,  i s  d e f i n e d  everywhere i n  2 bo th  
i n s i d e  and o u t s i d e  t h e  a c c e p t a b l e  f l i g h t  envelope %AF of f i g u r e  2 1 ,  even 
though no d a t a  o u t s i d e  t h a t  envelope are a v a i l a b l e  s i n c e  t h e  optimum conf ig -  
u r a t i o n  is  undefined f o r  t h i s  r e g i o n  i n  t h e  problem fo rmula t ion  g iven  i n  t h e  
ear l ier  s e c t i o n  on c o n f i g u r a t i o n  o p t i m i z a t i o n .  It should be  noted  t h a t  t r i m  
s o l u t i o n s  e x i s t  i n  a l i m i t e d  r e g i o n ,  2F-gM, o u t s i d e  t h e  a c c e p t a b l e  f l i g h t  
envelope, even though a l l  such s o l u t i o n s  are o p e r a t i o n a l l y  unaccep tab le  f o r  
s t e a d y  f l i g h t .  For t h i s  d i s c u s s i o n  i t  is  u s e f u l  t o  d e f i n e  t h e s e  f l i g h t  
envelopes  as volumes i n  t h e  space  of p a t h  v a r i a b l e s  
The c o n s t r a i n t  abuse  b u f f e r  r e g i o n  i n  which t r i m  s o l u t i o n s  e x i s t  b u t  are 
unaccep tab le  i s  then  
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The boundar i e s  of &AF and &F cor responding  t o  ;* and F* are 
shown i n  f i g u r e  2 2 ( c ) .  
schedule .  Th i s  b u f f e r  zone i s  subdiv ided  i n  f i g u r e  22(c) acco rd ing  t o  t h e  
c o n s t r a i n t  parameters  which are abused. Along t h e  i n n e r  boundary minimum 
speed is  l i m i t e d  by l i f t  margin,  t h r o t t l e ,  and c o n t r o l  margin; maximum A, by 
p i t c h  a t t i t u d e ,  t h r o t t l e ,  and c o n t r o l  margin; and minimum A, by c o n t r o l  
margin and p i t c h  a t t i t u d e .  
engine  limits. 
It is  s e e n  t h a t  a b u f f e r  r e g i o n  is  provided by t h i s  
The o u t e r  boundary is reached g e n e r a l l y  a t  t h e  
I n  f l i g h t ,  t h e  a i r c r a f t  may be  c a r r i e d  i n t o  t h i s  b u f f e r  r e g i o n  unexpect- 
e d l y  by wind d i s t u r b a n c e s  ( g u s t s ,  wind s h e a r s ,  and s t e p  v e r t i c a l ,  o r  h o r i -  
z o n t a l  winds) which induce  abuses  of t h e  minimum a c c e p t a b l e  speed boundary, 
o r  more g e n e r a l l y ,  f l i g h t  envelope  abuses .  A sudden l o s s  of trim s o l u t i o n s  a t  
t h i s  boundary would create a d i f f i c u l t  moni tor ing  problem f o r  t h e  p i l o t  and 
some e x p l i c i t  c r i t e r i o n  f o r  d e f i n i n g  t h e  c o n f i g u r a t i o n  schedule  i n  t h e  b u f f e r  
r e g i o n  i s  d e s i r e d .  The o p t i m i z a t i o n  procedure  g iven  i n  t h e  s e c t i o n  on configu- 
r a t i o n  o p t i b i z a t i o n  can  be extended t o  t h e  r e g i o n  where no a c c e p t a b l e  t r i m  
s o l u t i o n  occur s  by r e l a x i n g  t h e  c o n s t r a i n t s  l i s t e d  i n  f i g u r e  15, i n  some 
s p e c i f i e d  o r d e r  and amount, u n t i l  a "least unacceptab le"  s o l u t i o n  occur s  
s a t i s f y i n g  t h e  r e l a x e d  c o n s t r a i n t s .  The i n c l u s i o n  of such c r i t e r i a  f o r  t h e  
b u f f e r  r e g i o n  i n  t h e  c o n f i g u r a t i o n  o p t i m i z a t i o n  procedure  i n c o r p o r a t e s  t h e  
des ign  g o a l  t h a t  
e x p l i c i t l y  i n  t h e  problem. 
des igned  f o r  t h i s  r e g i o n ,  bu t  an a c c e p t a b l e  des ign  occur s  due t o  t h e  a b i l i t y  
of t h e  p iecewise  l i n e a r  f i t t i n g  f u n c t i o n  used h e r e  t o  extend i n  a p h y s i c a l l y  
r easonab le  way beyond t h e  domain of t h e  d a t a  t o  be f i t t e d .  
I n  t h e  p r e s e n t  work, ;* w a s  no t  e x p l i c i t l y  
The boundary of .ZF h a s  been i n c l u d e d _ i n  f i g u r e  22(c)  as a dashed l i n e  
which can be  compared w i t h  t h e  boundary of $F achieved by t h e  schedule .  The 
two sets d i f f e r  on ly  a long  t h e  minimum speed boundary where t h e  schedu le  l o s e s  
4 k n o t s  o r  less i n  t h e  d e s c e n t  regime and more i n  t h e  climb r e g i o n .  
The locus  of o p e r a t i n g  p o i n t s  i n  t h e  A, - VE p l ane  f o r  a r e p r e s e n t a t i v e  
AWJSRA STOL approach f l i g h t  from c r u i s e  t o  g l i d e  s l o p e  and touchdown i s  
inc luded  i n  f i g u r 7  2 2 ( c ) .  
d e c e l e r a t i n g  segments is w i t h i n  t h e  a c c e p t a b l e  envelope 
des igned  c o n f i g u r a t i o n  schedu le ,  b u t  approaches t h e  minimum speed and & 
boundar ies  v e r y  c l o s e l y  w i t h  a n e g l i g i b l e  abuse  of t h e  minimum speed boundary 
d u r i n g  f l a r e .  A s i g n i f i c a n t  a s p e c t  of STOL approach o p e r a t i o n s ,  such  as t h i s  
one,  is  t h e  f u l l  e x p l o i t a t i o n  of t h e  low speed and maximum d e c e l e r a t i o n  r e g i o n s  
of t h e  f l i g h t  envelope t o  a c h i e v e  t h e  s t e e p  approach and s h o r t  l and ing  f i e l d  
o b j e c t i v e s .  
Very n e a r l y  t h e  e n t i r e  sequence of descending o r  
& A F ( P ~ )  of t h e  
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COMPLETE TRIM SOLUTIONS 
S o l u t i o n s  f o r  t h e  nominal v a l u e s  of t h e  remaining c o n t r o l  v a r i a b l e s  and 
o t h e r  conf igura t ion-dependent  parameters  of i n t e r e s t  i n  t h e  c o n t r o l  problem 
can  now b e  c a l c u l a t e d  over  t h e  complete f l i g h t  envelope cor responding  t o  t h e  
c o n f i g u r a t i o n  schedu le ,  <*, F*. 
t h r o t t l e ,  a n g l e  of a t t a c k ,  e l e v a t o r ,  l i f t  margin,  and c o n t r o l  power are g iven  
f o r  t h e  A, - VE p l a n e  a t  AN = 1 ( f i g .  23) and f o r  t h e  Au - AN p l a n e  a t  
80 kno t s  a i r s p e e d  ( f i g .  24) .  I n  f l i g h t ,  v a l u e s  of t h e s e  c o n t r o l s  w i l l  be 
a d j u s t e d  from t h e i r  nominal v a l u e s  due t o  random c o r r e c t i v e  a c c e l e r a t i o n  
commands, nons tandard  parameter v a l u e s ,  and i n a c c u r a c i e s  i n  t h e  a i r c r a f t  
modeling d a t a  used t o  g e n e r a t e  t h e s e  p l o t s .  
Contour p l o t s  of t h e  nominal values of 
Contour p l o t s  i n  t h e  A, - VE p l a n e  g i v e  t h e  v a r i a t i o n  of c o n t r o l  set- 
t i n g s  f o r  a l l  s t a t i c  e q u i l i b r i u m  and s t e a d y  d e c e l e r a t i n g  o r  a c c e l e r a c i n g  
o p e r a t i n g  p o i n t s .  The t h r o t t l e  s e t t i n g  ( f i g .  2 3 ( a ) )  shows t h e  conven t iona l  
t r e n d s  i n  t h e  r e g i o n  of level  and a s c e n d i n g l a c c e l e r a t i n g  f l i g h t  where t h e  
conven t iona l  nozzles-up c o n f i g u r a t i o n  o c c u r s  ( c f .  f i g .  2 2 ( b ) ) ;  t h a t  is ,  
t h r o t t l e  i n c r e a s e s  p r i n c i p a l l y  w i t h  & and somewhat w i t h  VE. I n  t h e  
r e g i o n  of d e s c e n d i n g l d e c e l e r a t i n g  f l i g h t  where n o z z l e  v a r i a t i o n s  occur t h e  
t h r o t t l e  i s  more n e a r l y  independent of b o t h  
envelope. A t  speeds  below 70 k n o t s ,  where engine  power i s  used t o  m a i n t a i n  
l i f t  margin, t h e  t h r o t t l e  i s  seen t o  rise r a p i d l y  wi th  d e c r e a s i n g  speed and 
i s  n e a r l y  independent of Au. Thus, t h r e e  r e g i o n s  w i t h  d i f f e r e n t  t h r o t t l e  
behavior  occur ,  cor responding  t o  conven t iona l  and nonconvent iona l  conf igu ra -  
t i o n s  and t o  minimum l i f t  margin. 
A, and VE o u t  t o  t h e  edge of t h e  
A s  i n  CTOL a i r c r a f t ,  a n g l e  of a t t a c k  p r i n c i p a l l y  c o n t r o l s  l i f t  c o e f f i -  
c i e n t  and normal a c c e l e r a t i o n  a t  a l l  f l i g h t  c o n d i t i o n s  and can t h e r e f o r e  be 
expected t o  v a r y  d i r e c t l y  w i t h  AN, i n v e r s e l y  w i t h  VE, and t o  be independent 
of &. 
c o n t r o l s  l i f t  c o e f f i c i e n t ,  and by t h e  v a r i a t i o n  of t h r o t t l e  when f l a p s  are 
down s i n c e  eng ine  power then  c o n t r o l s  l i f t  c o e f f i c i e n t  t o  a s i g n i f i c a n t  degree.  
Thus, d e t a i l s  of t h e  a n g l e  of a t t a c k  v a r i a t i o n  s e e n  i n  f i g u r e  23(b) are  due i n  
p a r t  t o  t h e  s e l e c t e d  f l a p  schedu le  ( f i g .  1 7 )  and t o  t h e  nozz le  schedu le  a t  low 
speeds  through i t s  e f f e c t  on t h e  t h r o t t l e  s e t t i n g .  I n  a manual approach w i t h  
CTOL a i r c r a f t  t h e  f l a p  h i s t o r y  i s  t y p i c a l l y  a s t e p  f u n c t i o n  v e r s u s  speed w i t h  
a cor responding  sawtooth a n g l e  of a t t a c k  f u n c t i o n .  For an au tomat ic  approach ,  
a smooth f l a p  schedu le  can be expected t o  g i v e  a n e a r l y  c o n s t a n t  a n g l e  of 
a t t a c k .  A s i m i l a r  t r e n d  occur s  w i t h  powered- l i f t  a i r c r a f t  and i s  extended t o  
speeds  below t h a t  f o r  which maximum f l a p  i s  reached by r a i s i n g  t h r o t t l e  
smoothly w i t h  speed r e d u c t i o n s .  
v e r y  l i t t l e  w i t h  a i r s p e e d  o r  Au over n e a r l y  t h e  e n t i r e  f l i g h t  regime; a 
"bowl" a t  90 kno t s  and a "peak" a t  80 kno t s  are r e l a t e d  t o  cor responding  
v a r i a t i o n s  i n  t h e  scheduled f l a p  w i t h  VE and &, r e s p e c t i v e l y ,  i n  t h e s e  two 
r e g i o n s .  
These t r e n d s  can  be  modi f ied  by t h e  v a r i a t i o n  of f l a p  s i n c e  f l a p  a l s o  
F i g u r e  23(b) shows t h a t  a n g l e  of a t t a c k  v a r i e s  
A consequence of f l a p  usage i n  CTOL a i r c r a f t  i s  t h a t  t h e  trim v a l u e  of 
t h e  r e g u l a t o r  c o n t r o l  v a r i a b l e  a is  main ta ined  roughly  cen te red  i n  i t s  
allowed range;  t h i s  r e l a t i o n s h i p  between schedu l ing  of t h e  c o n f i g u r a t i o n  
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c o n t r o l  v a r i a b l e s  and r e g u l a t o r  c o n t r o l s  a l s o  appea r s  i n  t h e  p r e s e n t  maximum 
c o n t r o l  margin des ign .  The nozz le  schedu le ,  i n  t h a t  r e g i o n  where t h e  nozz le  
i s  n o t  a t  an  extreme, ma in ta ins  t h e  t h r o t t l e  roughly  cen te red  i n  i t s  range ,  
and t h e  f l a p  a c t s  s i m i l a r l y  on a. 
The t r i m  e l e v a t o r  s e t t i n g  ( f i g .  23 (c ) )  does n o t  s a t u r a t e  i t s  a c c e p t a b l e  
range  anywhere o r  impose a boundary on t h e  f l i g h t  envelope.  There i s  l i t t l e  
v a r i a t i o n  i n  t r i m  e l e v a t o r  over  t h e  f l i g h t  envelope.  
L i f t  margin ( f i g .  23(d) )  i n c r e a s e s  w i t h  speed and i s  v e r y  n e a r l y  indepen- 
d e n t  of e i t h e r  & o r  f l i g h t - p a t h  ang le .  Along t h e  approach pa th  superposed 
on f i g u r e  23 (d ) ,  t h i s  c o n t r o l  parameter  d rops  from 2 g a t  c r u i s e  t o  t h e  
minimum pe rmi t t ed  v a l u e  f o r  powered l i f t ,  0.4 g, which i s  reached  on t h e  g l i d e  
s l o p e .  For t h e  AWJSRA, t h e  l i f t  margin c o n s t r a i n t  l i m i t s  t h e  minimum approach 
speed. A t  h ighe r  speeds ,  excess  l i f t  margin can  p o t e n t i a l l y  b e  t r aded  f o r  
reduced f u e l  ra tes  by reducing  t h e  scheduled f l a p  v a l u e .  T h i s  i s  based on t h e  
i n c r e a s e  i n  aerodynamic d rag  w i t h  inc reased  f l a p  s e t t i n g  a t  h ighe r  speeds .  
Fue l  r e d u c t i o n s  are t h e r e f o r e  p o s s i b l e  i n  a r e g i o n  w i t h  l i f t  margin above same 
comfor tab le  v a l u e ,  say  1 g ,  (VE > 100 kno t s )  and scheduled f l a p  s e t t i n g s  above 
t h e  minimum (VE < 157 k n o t s ) .  
Cont ro l  margin f o r  t h e  cons tan t -nozz le  r e g u l a t o r  i s  shown i n  f i g u r e  23 (c ) .  
Con t ro l  margin r eaches  zero  a t  t h e  minimum and maximum t h r o t t l e  v a l u e s  a l lowed 
f o r  r e g u l a t i o n  and i s  undefined o u t s i d e  t h a t  boundary. Good c o n t r o l  margin 
(above 0.25 g) i s  main ta ined  throughout  most of t h e  f l i g h t  envelope.  It d rops  
below t h i s  i n  t h e  low-speed descending  f l i g h t  regime and i n  narrow bands around 
t h e  edges of t h e  f l i g h t  envelope.  During t h e  approach p a t h  superposed i n  
f i g u r e  2 3 ( e ) ,  i t s  v a l u e  d rops  from above 0.5 g t o  0.12 g a t  t h e  g l i d e  s l o p e  
o p e r a t i n g  p o i n t .  F l i g h t  i s  extended i n t o  t h i s  margina l  r e g i o n  w i t h  a c c e p t a b l e  
c o n t r o l  margin (0.25 g) by u s i n g  t h r e e  c o n t r o l s  f o r  r e g u l a t i o n ;  o the rwise ,  
a c c e p t a b l e  approach o p e r a t i o n  w i t h  t h e  f ixed-nozz le  r e g u l a t o r  would be l i m i t e d  
t o  sha l low d e s c e n t s  and h ighe r  approach speeds enc losed  by a 0.25-g contour  i n  
f i g u r e  2 3 ( e ) .  Nozzle schedu l ing  t o  maximize c o n t r o l  margin i s  of cour se  more 
c r i t i c a l  i n  t h e  margina l  regime. 
The f i x e d  nozz le  mode has  low c o n t r o l  margin and h i g h  c o n t r o l  s e n s i t i v i t y  
i n  t h e  low-speed descending f l i g h t  regime. T h i s  occur s  because  p e r t u r b a t i o n  
f o r c e s  genera ted  by v a r i a t i o n s  i n  c1 and 6, a re  bo th  c l o s e  t o  t h e  normal a x i s  
when n o z z l e s  and f l a p s  are down s o  t h a t  t h e r e  i s  poor c o n t r o l  margin i n  
l o n g i t u d i n a l  a c c e l e r a t i o n .  The f i x e d  t h r o t t l e  mode h a s  more n e a r l y  or thogonal  
p e r t u r b a t i o n  f o r c e s  a s s o c i a t e d  w i t h  v a r i a t i o n s  of c1 and v a t  h igh  nominal 
nozz le  s e t t i n g s  and is ,  t h e r e f o r e ,  of i n t e r e s t  as a n  a l t e r n a t i v e  c e n t r a l  
r e g u l a t o r  mode i n  t h i s  f l i g h t  regime. To e v a l u a t e  t h e  p o t e n t i a l  improvement 
i n  c e n t r a l  r e g u l a t o r  mode c o n t r o l  margin,  d a t a  f o r  a t h r o t t l e  s chedu le  which 
maximized t h e  f i x e d  t h r o t t l e  c o n t r o l  margin (CM6 
s a m e  method p r e v i o u s l y  o u t l i n e d  f o r  t h e  optimum nozz le  computat ion.  The 
r e s u l t s  showed t h a t  t h e  f i x e d  t h r o t t l e  mode had g r e a t e r  c o n t r o l  margin over  
t h e  c r i t i c a l  STOL regime ( roughly ,  VE < 100 kno t s ,  A, < 0 ) ;  t h e  improvement 
was o n l y  modest a t  t h e  g l i d e  s l o p e  (0.03 g) due t o  l i m i t a t i o n s  on nozz le  
t r a v e l ,  bu t  exceeded 0 .1  g i n  much of t h e  regime. 
) w a s  gene ra t ed  by t h e  f ,&t  
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Contour p l o t s  on  t h e  - AN p l a n e  are g i v e n  i n  f i g u r e  24 f o r  an 
a i r s p e e d  of 80 kno t s .  These p l o t s  i l l u s t r a t e  t h e  v a r i a t i o n  of  nozz le  schedu le  
and trim c o n t r o l s  w i t h  AN 
AN d i f f e r s  from 1 g,  such as s t e a d y  t u r n s  and f l i g h t - p a t h  a n g l e  changes.  The 
f l a p  schedu le  (eq. (39) )  i s  n o t  i nc luded  i n  t h e s e  p l o t s  s i n c e  i t  is  independent  
and on v a r i o u s  c o n s t a n t  speed maneuvers i n  which 
Of AN. 
F i g u r e  24(a)  shows some overview c h a r a c t e r i s t i c s  of t h e  c o n f i g u r a t i o n  
schedu le  a t  t h i s  speed.  The boundary of t r i m  s o l u t i o n s  i s  i r r e g u l a r  and 
d e f i n e d  v a r i o u s l y  by eng ine  t h r u s t  and aerodynamic l i f t  limits. The boundary 
of a c c e p t a b l e  f l i g h t  c o n d i t i o n s  i s  d e f i n e d  i n  d i f f e r e n t  segments by c o n s t r a i n t s  
on minimum l i f t  margin and minimum o r  maximum t h r o t t l e  o r  p i t c h  a t t i t u d e .  The 
i n t e r v e n i n g  b u f f e r  zone is hatched t o  i n d i c a t e  t h e  abused c o n s t r a i n t  param- 
eters. Opera t ing  p o i n t s  f o r  some f l i g h t  c o n d i t i o n s  of i n t e r e s t  are superposed 
on t h i s  f i g u r e ;  t h e  l o c i  of s t a t i c  e q u i l i b r i u m  and s t e a d y  t u r n s  f o r  d i f f e r e n t  
f l i g h t - p a t h  a n g l e s  is  shown t o g e t h e r  w i t h  a scale of e q u i v a l e n t  f l i g h t - p a t h  
a n g l e s  below t h e  a b s c i s s a  of t h e  f i g u r e .  A range  of a n g l e s  from -10" t o  8" 
i s  w i t h i n  t h e  a c c e p t a b l e  f l i g h t  envelope  a t  t h i s  speed.  F l igh t -pa th  a n g l e  i s  
changed by t r a n s i e n t  p u l l u p  o r  pushover maneuvers r e q u i r i n g  excur s ions  i n  
normal a c c e l e r a t i o n  of 0 .1  g t o  0.2 g around s t a t i c  e q u i l i b r i u m ;  maneuvers of 
t h i s  t ype  f o r  t h e  AWJSRA approach are shown i n  t h e  f i g u r e  and are w i t h i n  t h e  
a c c e p t a b l e  f l i g h t  envelope.  
The nozz le  schedule  ( f i g .  24(b) )  varies p r i n c i p a l l y  w i t h  A, and t h e  
nozz le  is  t h e r e f o r e  used t o  change f l i g h t - p a t h  a n g l e .  Lesser v a r i a t i o n  w i t h  
AN occur s  so t h a t  t h e r e  is  some adjus tment  of nozz le  a n g l e  t o  ach ieve  s t e a d y  
t u r n s .  There i s  v e r y  l i t t l e  u s e  of t h e  conven t iona l  nozzles-up c o n f i g u r a t i o n  
a t  t h i s  low speed.  
The cor responding  t h r o t t l e  s e t t i n g  ( f i g .  24 (c ) )  shows l i t t l e  v a r i a t i o n  
except  nea r  t h e  margins  of t h e  f l i g h t  envelope;  hence t h e  t h r o t t l e  c o n t r o l  is  
n e a r l y  f i x e d  du r ing  t h e  maneuvers d i s c u s s e d  above and i t s  conven t iona l  f u n c t i o n  
i n  c o n t r o l l i n g  A, is  taken  over  by t h e  n o z z l e s .  
The cor responding  t r i m  a n g l e  of a t t a c k  ( f i g .  24(d) )  i n c r e a s e s  w i t h  AN 
and,  t h e r e f o r e ,  a n g l e  of a t t a c k  i s  used t o  c o n t r o l  AN d u r i n g  maneuvers 
r e q u i r i n g  t r a n s i e n t  o r  s t e a d y  changes i n  AN such  as t h e  p u l l u p  and p i t c h o v e r  
maneuvers superposed on f i g u r e  24(d) .  Th i s  u s e  of a n g l e  of a t t a c k  i s  t h e  
conven t iona l  one.  The t r i m  e l e v a t o r  s e t t i n g  ( f i g .  24 (e ) )  d e c r e a s e s  w i t h  AN 
except  a t  p o s i t i v e  v a l u e s  of 
of e l e v a t o r  s e t t i n g s .  
41 and remains w e l l  w i t h i n  t h e  pe rmi t t ed  range  
To summarize f i g u r e  24, over  t h e  maneuver range  of i n t e r e s t ,  t h e  n o z z l e s  
are  used t o  c o n t r o l  A, and a n g l e  of a t t a c k  t o  c o n t r o l  AN, whi le  t h e  
t h r o t t l e s  are n e a r l y  c o n s t a n t .  Th i s  can be compared wi th  conven t iona l  con- 
f i g u r a t i o n s  i n  which nozz le s  are up and t h r o t t l e  c o n t r o l s  A,. More g e n e r a l l y ,  
t h e  c o n t r o l  usage  seen  h e r e  occur s  a t  a l l  lower speeds  and a t  h ighe r  speeds  i n  
t h e  r e g i o n  of t h e  p l ane  i n  which nonconvent ional  nozz le  p o s i t i o n s  
are scheduled .  The r e g i o n  of conven t iona l  c o n f i g u r a t i o n  and t h r o t t l e  usage 
i s  n e a r l y  n u l l  a t  80 kno t s  bu t  expands a t  h ighe r  speeds .  





Simula t ion  tests have been c a r r i e d  ou t  i n  a s i m p l i f i e d  s imula t ion  of t h e  
system shown i n  f i g u r e  1 ( c f .  r e f .  9 ) .  The s imula t ion  a c c u r a t e l y  r e p r e s e n t s  
t h e  t r a n s l a t i o n a l  deg rees  of freedom of t h e  a i r c r a f t  and is  s u i t e d  t o  t e s t i n g  
t h e  o p e r a t i o n  of t h e  t r a j e c t o r y  c o n t r o l  subsystem i n  response  t o  low frequency 
i n p u t s  such as t r a j e c t o r y  commands, Trimmap model e r r o r s ,  and s t e a d y  winds. 
I n  t h i s  s imula t ion ,  t h e  combined a t t i t u d e  c o n t r o l  subsystem and a i r c r a f t  
a t t i t u d e  dynamics are r ep laced  w i t h  approximate second-order dynamics f o r  
a t t i t u d e  response  t o  a t t i t u d e  commands. The e s t i m a t i o n  subsystem i s  omi t ted  
and p e r f e c t  s ta te  e s t i m a t i o n  i s  assumed except  f o r  a f i l t e r  t o  s imula t e  t h e  
e s t i m a t i o n  of s t e a d y  winds. The command gene ra to r  and p a t h  r e g u l a t o r  e lements  
of t h e  c o n t r o l  system are inc luded  i n  t h e  s imula t ion ;  d e t a i l s  of t h e i r  des ign  
are o u t s i d e  t h e  scope of t h i s  paper b u t  d e s c r i p t i o n s  are g iven  i n  r e f e r e n c e s  1 
and 2.  
A f low c h a r t  of t h e  complete Force T r i m m a p  of t h e  s imula ted  au tomat ic  
c o n t r o l  system i s  shown i n  f i g u r e  25 w i t h  r e l e v a n t  equa t ions  from t h e  t e x t  
and appendix D noted i n  each element .  The i n p u t s  are  t h e  r e f e r e n c e  t r a j e c t o r y  
commands ( a c r ,  VCr) from t h e  command g e n e r a t o r ,  t h e  c o r r e c t i v e  feedback 
a c c e l e r a t i o n  Aar from t h e  p a t h  r e g u l a t o r ,  t h e  wind estimate w r ,  and t h e  
s i d e s l i p  command B c .  Add i t iona l  i n p u t s  used are t h e  c u r r e n t  f l a p  s e t t i n g  
( 6 f )  and parameter  v a l u e s  ( W ,  T, 6 ,  p ) .  The v e c t o r  i n p u t s  are assumed 
re fe renced  t o  runway axes ;  t h e  a c c e l e r a t i o n  commands are conver ted  t o  s t a b i l i t y  
a x i s  components of t h e  a p p l i e d  s p e c i f i c  f o r c e  (AUNOM, A"oM, AUc,  AN^) u s ing  
equa t ions  ( 4 ) ,  (7 ) ,  ( D 4 ) ,  ( D 1 8 ) ,  and ( D 1 9 ) ,  and t h e s e  are used by t h e  conf ig-  
u r a t i o n  schedule  and t r i m  s o l u t i o n  a lgo r i thm of t h e  b a s i c  Trimmap t o  determine 
{ 6 f c ,  6 t c ,  vc ,  ac}.  F i n a l l y ,  t h e  e l e v a t o r  t r i m  s e t t i n g  6 e T  i s  computed from 
t h e  trim s o l u t i o n  (appendix A),  and t h e  Euler  a t t i t u d e  and angu la r  ra te  
commands t o  t h e  a t t i t u d e  c o n t r o l  subsystem { c $ ~ ,  e,, I J ~ ,  web) are  computed from 
v a r i o u s  i n p u t s  ( a c t p ,  yac,  $vat, @vC, B c ,  
appendix D.  These i n p u t s  are  de r ived  i n  t u r n  from t h e  Trimmap i n p u t  v a r i a b l e s  
as noted i n  f i g u r e  25. 
ac)  u s ing  equa t ions  de r ived  i n  
The approach tes t  p a t h  used f o r  t h e  s i m u l a t i o n  r e s u l t s  of t h i s  s e c t i o n  
i s  shown i n  f i g u r e  26 a long  w i t h  t h e  i n p u t  parameters  t o  t h e  c o n t r o l  sys tem's  
command gene ra to r  which d e f i n e  t h e  t r a j e c t o r y .  Th i s  t r a j e c t o r y  is  a s imula t ion  
t es t  p a t h  and n o t  one proposed f o r  a c t u a l  f l i g h t .  It c o n s i s t s  of a sequence 
of l e g s  t h a t  correspond t o  a success ion  of s t eady  o r  s lowly changing o p e r a t i n g  
p o i n t s .  The command gene ra to r  i s  r e q u i r e d  t o  f i l l  i n  r easonab le  maneuvers t o  
p a s s  from one s t e a d y  o p e r a t i n g  p o i n t  t o  t h e  next  a t  t h e  l e g  j u n c t i o n s .  Some 
r e l a t i v e l y  complex maneuvers invo lv ing  a l l  t h r e e  p a t h  axes s imul taneous ly  are 
inc luded  i n  t h e  test  pa th ,  S ince  nonzero model e r r o r s  are p r e s e n t  i n  t h e  
Trimmap due t o  aerodynamic q r  engine  model e r r o r ,  programming e r r o r s ,  o r  
errors i n  estimates of a i r s p e e d  o r  pa rame te r  v a l u e s ,  a tes t  i s  inc luded  d u r i n g  
l e g  3 t o  demonstrate  t h e i r  e f f e c t s  on system performance by o f f - s e t t i n g  t h e  
s imula ted  a i r c r a f t  l i f t  and d r a g  f o r c e s  by 0.06 g .  F i n a l l y ,  s t eady  winds are 
normally p r e s e n t  i n  t e r m i r z a l  area o p e r a t i o n s  and wind tests dur ing  a l e v e l  
t u r n  ( l e g s  4 and 5 ) ,  a low speed h e l i x  ( l e g  7 ) ,  and on t h e  g l i d e  s l o p e  ( l e g  8) 
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are inc luded  t o  demonst ra te  t h e  a b i l i t y  of t h e  system t o  track t h e  fou r -  
d imens iona l  i n e r t i a l  r e f e r e n c e  p a t h  i n  t h e  p re sence  of winds and wind s h e a r s .  
S imula t ion  r e s u l t s  are shown i n  f i g u r e s  27 (a ) - ( c ) ,  i n  which t h e  p r i n c i p a l  
v a r i a b l e s  are grouped i n t o  a c c e l e r a t i o n  and speed commands (Trimmap i n p u t s )  , 
c o n t r o l  commands (Trimmap o u t p u t s ) ,  and t r a j e c t o r y  e r r o r s  ( t r a c k i n g  p e r f o r -  
mance). 
Response t o  Maneuver Commands 
The i n i t i a l  p e r i o d  up t o  55 sec of f l i g h t  i l l u s t r a t e s  t h e  maneuvering 
c a p a b i l i t i e s  of t h e  system. T r a n s i e n t  a c c e l e r a t i o n  commands t o  a c q u i r e  l e g  2 
( a  Z-axis maneuver t o  e n t e r  a descending t u r n  from l e g  1) and l e g  3 ( a  3-axis  
maneuver t o  e n t e r  a leve l  d e c e l e r a t i n g  s t r a i g h t  segment from l e g  2 )  are sup- 
p l i e d  by t h e  command g e n e r a t o r ;  t h e  l o n g i t u d i n a l  a c c e l e r a t i o n  command d rops  
wi thout  overshoot  a t  t h e  p i t c h o v e r  and then  rises wi thou t  overshoot  a t  t h e  
p u l l u p  t o  l e v e l  f l i g h t  bu t  w i t h  some s m a l l  reversal as t h e  d e c e l e r a t i o n  of 
l e g  3 is  i n i t i a t e d .  The normal a c c e l e r a t i o n  command drops  t r a n s i e n t l y  f o r  t h e  
p i t c h o v e r  and then  rises wi thou t  overshoot  t o  i t s  s t e a d y - s t a t e  v a l u e  f o r  t h e  
t u r n ;  t h e  converse  t r a n s i e n t  occu r s  a t  t h e  ex i t  from l e g  2. 
The a p p l i e d  s p e c i f i c  f o r c e  t i m e  h i s t o r i e s  i n  f i g u r e  27 (a )  i n c l u d e  traces 
f o r  t h e  t o t a l  command, which i n c l u d e s  t h e  feedback t e r m ,  and t h e  a c t u a l  a i r -  
c r a f t  a p p l i e d  s p e c i f i c  f o r c e .  S ince  no e x t e r n a l  d i s t u r b a n c e s  are p r e s e n t  
du r ing  t h i s  p e r i o d ,  t r a n s i e n t  d i f f e r e n c e s  from t h e  nominal s p e c i f i c  f o r c e  
commands measure t h e  a b i l i t y  of t h e  system t o  f o l l o w  maneuver commands. It 
i s  d e s i r e d  t h a t  t h e s e  r e sponse  e r r o r s  be minimized i n  o r d e r  t h a t  t h e  r e g u l a t o r  
work c h i e f l y  on t h e  e f f e c t s  of e x t e r n a l  d i s t u r b a n c e s  t o  t h e  system. The 
response  e r r o r s  depend on both  t h e  commanded maneuver d e f i n e d  by t h e  command 
g e n e r a t o r  and on t h e  a c c e l e r a t i o n  t r a c k i n g  accu racy  of t h e  Trimmap-aircraf t  
combination. I n  g e n e r a l ,  nonzero maneuver command rates ( p r i n c i p a l l y  j e r k )  
r e q u i r e  nonzero c o n t r o l  ra tes  and t h e s e  r e s u l t  i n  t r a j e c t o r y  e r r o r s  and feed-  
back a c t i v i t y  due t o  c o n t r o l  l a g s ;  t h a t  i s ,  c o n t r o l  ra tes  and t r a c k i n g  e r r o r s  
i n c r e a s e  w i t h  t h e  commanded maneuver a c t i v i t y .  Thus, des ign  g o a l s  f o r  t h e  
command gene ra to r  i n c l u d e  minimizing t h e  maneuvering r e q u i r e d  t o  t r a n s i t i o n  
between any s t e a d y  f l i g h t  c o n d i t i o n s  s p e c i f i e d  by t h e  c o a r s e  i n p u t  t r a j e c t o r y  
commands t o  t h e  system, and t o  l i m i t  maneuvering commands i n  accordance w i t h  
t h e  a c c e l e r a t i o n  t r a c k i n g  c a p a b i l i t y  of t h e  Trimmap-aircraf t  combinat ion.  
The a c t i v i t y  of t h e  scheduled c o n t r o l s  f o r  t h e  f i r s t  55 s e c  shows on ly  
minor nozz le  use  which is  c l o s e l y  r e l a t e d  t o  t h e  change i n  normal -spec i f ic  
f o r c e  f o r  t h e  t u r n ,  wh i l e  t h e  r e g u l a t o r  c o n t r o l s  show t h r o t t l e  v a r i a t i o n s  
which fo l low t h e  change i n  l o n g i t u d i n a l  s p e c i f i c  f o r c e  wi th  f l i g h t - p a t h  a n g l e .  
Only minor ang le  of a t t a c k  v a r i a t i o n s  a re  used so t h a t  p i t c h  a t t i t u d e  s imply 
fo l lows  f l i g h t - p a t h  a n g l e .  The r o l l  command i s  seen  t o  va ry  smoothly wi thout  
overshoot  a t  t u r n  e n t r y  and e x i t ;  t h i s  behavior  r e f l e c t s  t h e  success  of t h e  
command g e n e r a t o r  des ign  f o r  t h e  l a t e r a l  a x i s .  
These maneuvers occur  i n  t h e  CTOL f l i g h t  regime and begin  and end w i t h  
t h e  AWJSRA i n  i t s  conven t iona l  c o n f i g u r a t i o n ;  t h e  c o n t r o l  a c t i v i t y  seen  h e r e  
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d i f f e r s  from conven t iona l  c o n t r o l  i n  t h a t  n o z z l e  a c t i v i t y  r e p l a c e s  a n g l e  of 
a t t a c k  f o r  t h e  t u r n  execut ion .  I f  o p e r a t i o n a l l y  d e s i r a b l e ,  CTOL-like maneuver 
c o n t r o l  a c t i v i t y  can  be  imposed on t h e  Trimmap by r e q u i r i n g  t h e  u s e  of m i n i m u m  
nozz le  s e t t i n g  as much as p o s s i b l e  i n  t h e  c o n f i g u r a t i o n  schedule .  
The c o n t r o l  a c t i v i t y  used by t h e  Trimmap t o  execu te  t h e  commanded t r a n s i -  
t i o n  maneuvers i n  f i g u r e  27(b) shows d e s i r e d  c h a r a c t e r i s t i c s ;  t h a t  is ,  no 
unnecessary  overshoot  o r  reversal. More g e n e r a l l y ,  c o n t r o l  a c t i v i t y ,  as m e a -  
sured  by c o n t r o l  rates r e q u i r e d  f o r  maneuvering f l i g h t ,  i s  g iven  by 
where 
T h i s  expres s ion  c o n t a i n s  t h e  g r a d i e n t s  of t h e  c o n f i g u r a t i o n  schedule  and 
a s s o c i a t e d  t r i m  s o l u t i o n s  t f  t h e  Trimmap, E*, and t h e  maneuver command rates 
of t h e  command g e n e r a t o r ,  Z. Thus, c o n t r o l  a c t i v i t y  and i t s  minimiza t ion  
f o r  t h e  au tomat ic  c o n t r o l  system depends on b o t h  of t h e s e  e lements .  
The c o n t r o l  a c t i v i t y  seen  i n  f i g u r e  27(b) i nvo lves  s imul taneous  u s e  of 
r o l l ,  ang le  of a t t a c k  (o r  e l e v a t o r ) ,  t h r o t t l e ,  and nozz le  c o n t r o l s  d u r i n g  
maneuvers r e q u i r i n g  a c c e l e r a t i o n s  a long  t h e  t h r e e  p a t h  axes s imul t aneous ly ;  
t h a t  i s ,  t h e  Trimmap a u t o m a t i c a l l y  c o o r d i n a t e s  a l l  of t h e  AWJSRA's c o n t r o l s  
w i t h  t h e  commanded maneuver f o r  any maneuver i n  t h e  o u t p u t  se t  of t h e  command 
g e n e r a t o r .  I n  c o n t r a s t ,  manual f l i g h t  o p e r a t i o n s  are des igned  t o  minimize 
p i l o t  workload, and a s i g n i f i c a n t  problem f o r  STOL a i r c r a f t  i s  t o  l i m i t  work- 
l o a d  requi rements  w i t h i n  t h e  c a p a b i l i t i e s  i n h e r e n t  i n  manual f l i g h t  c o n t r o l ;  
t h i s  g e n e r a l l y  i m p l i e s  c o n t r o l  usage  l i m i t e d  t o  two c o n t r o l s  a t  a t i m e  w i t h  
s e q u e n t i a l  s t e p  changes of t h e  redundant  c o n f i g u r a t i o n  c o n t r o l s ,  and maneuver- 
i n g  c a r r i e d  o u t  s e q u e n t i a l l y  a long  one a x i s  a t  a time ( r e f s .  6 ,  7,  and 8 ) .  
For t h e  p r e s e n t  au tomat ic  system, t h e s e  o p e r a t i o n a l  r e s t r i c t i o n s  w e r e  n o t  
imposed because t h e  workload c a p a c i t y  of t h e  d i g i t a l  f l i g h t - c o n t r o l  system, 
as measured by t h e  number of i n p u t  and ou tpu t  channe l s ,  d a t a  memory c a p a c i t y ,  
and real-time p rocess ing  speed ,  exceed t h o s e  i n h e r e n t  i n  d i r e c t  manual f l i g h t  
c o n t r o l ,  b u t  t h e  o b j e c t i v e  remains t o  minimize c o n t r o l  a c t i v i t y .  R e s t r i c t i o n s  
on t h e  o p e r a t i o n a l  u s e  of t h i s  g e n e r a l  c a p a b i l i t y  of t h e  au tomat ic  c o n t r o l  
system f b r  ease of moni tor ing  requi rements  and p i l o t  t akeover  w e r e  n o t  con- 
s i d e r e d  i n  t h i s  s tudy .  R e s t r i c t i o n s  on maneuver complexi ty  are r e a d i l y  
imposed as r e s t r i c t i o n s  on t h e  c o a r s e  i n p u t  t r a j e c t o r y  commands. 
E f f e c t s  of S teady  Model E r r o r s  
The a c t u a l  a c c e l e r a t i o n  can  d i f f e r  from t h e  commanded a c c e l e r a t i o n  b o t h  
t r a n s i e n t l y  and i n  s t e a d y  s ta te  due t o  e r r o r s  i n  t h e  model of a i r c r a f t  f o r c e s  
used by t h e  Trimmap t o  compute c o n t r o l  s e t t i n g s .  These e r r o r s  can  arise from 
several sources  (aerodynamic and engine  f o r c e  model e r r o r s ,  s t a t e  and parameter  
e s t i m a t i o n  e r r o r s ,  programming e r r o r s ,  neg lec t ed  dynamic e f f e c t s )  and are 
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normally p r e s e n t  d u r i n g  f l i g h t .  To i l l u s t r a t e  t h e  e f f e c t s  of s t e a d y  model 
e r r o r s ,  t h e  normal and l o n g i t u d i n a l  a p p l i e d  s p e c i f i c  f o r c e s  of t h e  a i r c r a f t  
w e r e  o f f s e t  by 0.06 g d u r i n g  t h e  t i m e  i n t e r v a l  1.55, SO]. These e r r o r s  are 
compensated by feedback  as fo l lows :  i n  s t e a d y  state,  p o s i t i o n  s t andof f  e r r o r s  
occur  ( f i g .  27 (c ) )  of s u f f i c i e n t  s i z e  t o  g e n e r a t e  a s t e a d y  feedback accelera- 
t i o n  command, Aa, which e x a c t l y  compensates t h e  model e r r o r .  Th i s  e f f e c t  i s  
seen  i n  f i g u r e  2 7 ( a ) ,  where t h e  t o t a l  s p e c i f i c  f o r c e  commands (Auc,  AN^), r ise  
t o  s t e a d y  v a l u e s  d i f f e r e n t  from t h e  nominal s p e c i f i c  f o r c e  commands, b u t  t h e  
a c t u a l  s p e c i f i c  f o r c e  (Au, AN) is  he ld  a t  t h e  d e s i r e d  nominal v a l u e .  The 
r equ i r ed  s t e a d y  corrective a c c e l e r a t i o n  command is  gene ra t ed  by s t e a d y  o f f s e t s  
of t h e  r e g u l a t o r  c o n t r o l s ,  (a, St)  from t h e i r  expec ted  v a l u e  as g iven  by t h e  
c o n f i g u r a t i o n  schedu le  and a v a i l a b l e  model d a t a .  Th i s  is  seen  i n  f i g u r e  27(b) 
where t h r o t t l e  i s  d r i v e n  n e a r l y  t o  i t s  a c c e p t a b l e  l i m i t  t o  compensate f o r  t h e  
l o n g i t u d i n a l  e r r o r  which, i n  s i z e ,  is  a l a r g e  pe rcen tage  of t h e  eng ine ' s  
a c c e l e r a t i o n  c a p a c i t y .  The a n g l e  of a t t a c k  compensates f o r  t h e  normal accel- 
e r a t i o n  e r r o r  b u t  i n  t h i s  case on ly  a v e r y  s m a l l  o f f s e t  occu r s  because t h e  
model e r r o r  i s  a s m a l l  pe rcen tage  of t h e  wing ' s  l i f t  f o r c e  c a p a c i t y .  
I n  g e n e r a l ,  i f  i s  t h e  Trimmap model e r r o r  expressed  as a n  accelera- 
t i o n  e r r o r  v e c t o r ,  
t hen  a s t e a d y  p o s i t i o n  s t a n d o f f  e r r o r  p r o p o r t i o n a l  t o  t h e  a c c e l e r a t i o n  e r r o r  
develops a s y m p t o t i c a l l y  
AR - [ K S ~ ] E ~  (46) t 
where [KR] is  t h e  p o s i t i o n  e r r o r  feedback g a i n  i n  t h e  p a t h  e r r o r  r e g u l a t o r .  
Th i s  induces  a s t e a d y  c o r r e c t i v e  a c c e l e r a t i o n  t h a t  e x a c t l y  compensates t h e  
model e r r o r  
t Aa -+ 
b u t  r e q u i r e s  a s t e a d y  o f f s e t  of t h e  r e g u l a t o r  c o n t r o l s  from t h e i r  v a l u e s  
p r e d i c t e d  by t h e  d e s i g n  d a t a  
(47) 
Here [V u*] i s  t h e  Jacob ian  of t h e  r e g u l a t o r  c o n t r o l s  w i t h  r e s p e c t  t o  accelera- 
t i o n .  The d e r i v a t i o n  of t h e s e  r e s u l t s  i s  omi t ted  and rests p a r t l y  on d e t a i l s  
of t h e  p a t h  e r r o r  r e g u l a t o r  e lement  i n  f i g u r e  1. The b a s i c  dependence of 
pa th  t r a c k i n g  performance on t h e  modeling accuracy  of t h e  t r i m  s o l u t i o n  algo-  
rithm and t h e  re la ted t rade-of f  between performance and model accuracy  are 
e v i d e n t  i n  equa t ion  (46) .  Steady feedback s i g n a l s  measure t h e  modeling e r r o r  
(eq. (47 ) ) ,  and a n  a n a l y s i s  of t h i s  s i g n a l  from f l i g h t  r e c o r d s  would i n d i c a t e  
t h e  s i z e  and n a t u r e  of such e r r o r s .  I n  a d d i t i o n ,  t h e s e  e r r o r s  would s a t u r a t e  
t h e  a u t h o r i t y  l i m i t s  of t h e  feedback i f  s u f f i c i e n t l y  l a r g e .  The system 
compensates f o r  model e r r o r s  by a d j u s t i n g  t h e  r e g u l a t o r  c o n t r o l s  (eq.  (48) )  
and may thereby  r e s u l t  i n  reduced c o n t r o l  and l i f t  margins .  
a R  
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The p a t h  t r a c k i n g  e r r o r s  and s t e a d y  feedback o f f s e t s  noted i n  equa- 
t i o n s  (46) and (47) can b e  removed o r  reduced by adding i n t e g r a l  feedback 
of t h e  a c c e l e r a t i o n  e r r o r  t o  t h e  Trimmap of f i g u r e  25; t h i s  can  be  implemented 
as a n  a d d i t i o n a l  c o r r e c t i v e  a c c e l e r a t i o n ,  6,, i n  t h e  t o t a l  a c c e l e r a t i o n  command 
a c t  P = acp + Aap + 6ap (49a) 
where, f o r  each p a t h  axis,  t h e  c o r r e c t i o n  has  t h e  form 
H e r e ,  6aL 
a c c e l e r a t i o n ,  and K t h e  feedback ga in .  This  model e r r o r  compensation dev ice  
a d j u s t s  c o n t r o l s  i n  accordance w i t h  equa t ion  (48 ) ,  b u t  accommodates model 
errors 1 ~ ~ 1  up t o  t h e  amount wi thout  s t e a d y - s t a t e  p o s i t i o n  e r r o r  o r  
feedback o f f s e t .  Equat ions (46) and (47) then  d e f i n e  t h e  e f f e c t s  of s t e a d y  
Trimmap i n a c c u r a c i e s  i n  excess  of 6aL. A compensator of t h e  type  (eqs .  49))  
i s  n o t  inc luded  i n  t h e  p r e s e n t  s i m u l a t i o n  s tudy  b u t  w i l l  be  inc luded  i n  a 
f u r t h e r  s tudy  of t h e  system. 
i s  t h e  a u t h o r i t y  l i m i t  of t h e  i n t e g r a l  feedback,  2 i s  t h e  es t imated  
6aL  
Accuracy requi rements  f o r  t h e  Trimmap model are of i n t e r e s t  because of 
t h e  r e l a t i o n  between model accuracy  and Trimmap computat ional  requi rements .  
The Trimmap model i s  de r ived  from a n  estimate of t h e  a i r c r a f t  and c o n t a i n s  
e r r o r s  due t o  approximations i n  r e p r e s e n t i n g  t h e  e s t ima ted  a i r c r a f t  and t h e  
u n c e r t a i n t i e s  of t h e  e s t ima ted  model. With t h e  u s e  of i n t e g r a l  feedback,  
(eqs .  4 9 ) ) ,  approximation e r r o r s  up t o  a f r a c t i o n  of 6 a L  can be permi t ted  
wh i l e  t h e  remaining compensator a u t h o r i t y  is  a p p l i e d  t o  t h e  b a s i c  u n c e r t a i n t i e s  
i n  e s t i m a t i n g  t h e  a c t u a l  a i r c r a f t .  
Response t o  Winds 
A s t e a d y  x-axis  wind of 15 kno t s  is  imposed du r ing  a 180" t u r n  i n  t h e  
t i m e  i n t e r v a l  [ l o o ,  1551 and, w i t h  r e s p e c t  t o  t h e  a i r c r a f t ,  a c t s  v a r i o u s l y  
as a t a i l w i n d ,  crosswind,  and headwind du r ing  t h e  t u r n .  The c o n t r o l  system 
i s  expected t o  t r a c k  a c i r c u l a r  p a t h ,  as seen  from t h e  ground, and ma in ta in  
t h e  d e s i r e d  ground speed. 
The appearance of s t e a d y  wind i n  t h e  Trimmap c a l c u l a t i o n s  is  seen  i n  
f i g u r e  25;  t h e  v e l o c i t y  v e c t o r  w i t h  r e s p e c t  t o  t h e  a i r  m a s s  is  used t o  d e f i n e  
t h e  p a t h  axes  i n  which t h e  components of t h e  nominal and t o t a l  a c c e l e r a t i o n  
commands are g iven ,  and t o  d e f i n e  t h e  e q u i v a l e n t  a i r s p e e d  used i n  t h e  config-  
u r a t i o n  schedule  and t r i m  s o l u t i o n  a lgo r i thm.  I n  t h e  s i m u l a t i o n  r e s u l t s  i n  
f i g u r e  2 7 ( a ) ,  AuNolf 
t h e  r e q u i r e d  a i r  v e l o c i t y  v e c t o r  V A ~  
v e c t o r  of t h e  i n e r t i a l  c i rc le  t o  be t r acked  and some a c c e l e r a t i o n  a long  
is  r e q u i r e d  t o  supply t h e  c e n t r i p e t a l  t u r n  a c c e l e r a t i o n ,  These e f f e c t s  of 
winds on t h e  i n p u t s  t o  t h e  b a s i c  Trimmap can be d e r i v e d ;  t h e  v e l o c i t i e s  of 
i n t e r e s t  are r e l a t e d  by 
rises and f a l l s  d u r i n g  t h e  t u r n  due t o  a geometr ic  e f f e c t ;  
i s  n o t  pe rpend icu la r  t o  t h e  r a d i u s  
v~~ 
39 
The e f f e c t  of t h e  e s t i m a t e d  wind on t h e  s p h e r i c a l  c o o r d i n a t e s  of VA i s  t h e n  
h - w -  A$v = -26- k 




Here, r e l a t i v e l y  small winds are assumed 
n 
and t h e  e f f e c t  of s t e a d y  v e r t i c a l  wind, W z ,  on f l i g h t - p a t h  a n g l e  is, n e g l e c t e d  
s i n c e  iZ is  normally n e g l i g i b l e .  - During t h e  t u r n ,  7~ is  time7varying as 
VI changes d i r e c t i o n .  Otherwise,  VA i s  c o n s t a n t  when VI and are c o n s t a n t  
v e c t o r s .  The cor responding  v a r i a t i o n s  i n  Trimmap i n p u t s  are d e r i v e d  from 
equa t ions  (6) and (51) as 
- 
T A x  E ( A V , , A ~ , A A N )  
- 
AAN = cos  &,a A 5  + s i n  @va A 6  0 
- -  
A s  seen i n  e q u a t i o n s  (52)  t h e  c e n t r i p e t a l  t u r n  a c c e l e r a t i o n  a a m ,  which is  
of t h e  o r d e r  of 0.4 g t y p i c a l l y ,  w i l l  a f f e c t  t h e  commanded a c c e l e r a t i o n  a long  
t h e  a i r c r a f t  s t a b i l i t y  a x i s  UA p r o p o r t i o n a l l y  t o  A $ v ( t ) .  The e f f e c t  on 
normal a c c e l e r a t i o n  command is  g e n e r a l l y  n e g l i g i b l e  compared t o  1 g ,  by 
s e v e r a l  o r d e r s  of magnitude. 
Because t h e  i n p u t s  t o  t h e  c o n f i g u r a t i o n  schedu le  XNOM are a d j u s t e d  f o r  
winds, t h e  c o n f i g u r a t i o n  c o n t r o l s  w i l l  g e n e r a l l y  b e  a d j u s t e d  a u t o m a t i c a l l y  
t o  ma in ta in  t h e  des igned  maximum c o n t r o l  margin c o n f i g u r a t i o n  i n  t h e  p re sence  
of s t e a d y  winds. Th i s  is  i l l u s t r a t e d  i n  f i g u r e  2 7 ( b ) ,  where t h e  f l a p  command 
v a r i e s  i n  r e l a t i o n  t o  t h e  e q u i v a l e n t  a i r s p e e d  command V E ~ ,  a l t hough  t h e r e  is 
no adjus tment  of n o z z l e  from i t s  minimum v a l u e  a t  t h i s  example f l i g h t  condi- 
t i o n .  The r e g u l a t o r  c o n t r o l s  a l s o  v a r y  i n  r e sponse  t o  t h e  e f f e c t s  of winds 
on xc,  as seen i n  t h e  t h r o t t l e  v a r i a t i o n  which f o l l o w s  t h e  time h i s t o r y  of 
Auc. 
a t t a c k  s i n c e  t h e  e f f e c t  of speed v a r i a t i o n s  on l i f t  i s  t aken  up p r i n c i p a l l y  
by t h e  scheduled f l a p  ad jus tments .  
- 
In t h e  p r e s e n t  example, n o t e  t h a t  t h e r e  is  l i t t l e  e f f e c t  on a n g l e  of 
The g e n e r a l  e f f e c t s  of s t e a d y  winds on 
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ad jus tmen t s  of t h e  c o n t r o l s  from t h e i r  a n t i c i p a t e d  no-wind v a l u e s  can  b e  
de r ived  from t h e  c o n f i g u r a t i o n  schedu le  and a s s o c i a t e d  t r i m  s o l u t i o n s  
( f i g s .  1 7 ,  22(b) ,  and 23) and can b e  r e p r e s e n t e d  as 
where A x  i s  g iven  by e q u a t i o n s  (52) and [Vxu*] i s  t h e  Jacob ian  of t h e  b a s i c  
Trimmap f u n c t i o n  o r  a lgo r i thm.  A t  f l i g h t  c o n d i t i o n s  o t h e r  than  t h e  test case 
of f i g u r e  27, t h e  nozz le  may b e  a d j u s t e d  i n  p l a c e  of t h r o t t l e  (when v* i s  
n o t  a t  a nozz le  l i m i t )  and,  s i m i l a r l y ,  c1 may b e  a d j u s t e d  i n  p l a c e  of f l a p  
(when F* is  a t  a f l a p . l i m i t ) ;  i n  a l l  cases, however, t h e  Trimmap m a i n t a i n s  
t h e  optimum c o n f i g u r a t i o n  a u t o m a t i c a l l y .  
The t r a j e c t o r y  t r a c k i n g  performance i l l u s t r a t e d  i n  f i g u r e  27(c)  shows 
good t r a c k i n g  of t h e  commanded v e l o c i t y  v e c t o r  of t h e  t r a j e c t o r y   VI^, QVc,  yc) 
d u r i n g  t h e  wind tes t  w i t h  o n l y  minor t r a n s i e n t  e r r o r s  due  t o  t r a n s i e n t  maneu- 
v e r i n g  a t  t u r n  e n t r y  and ex i t  and due t o  wind e s t i m a t i o n  l a g s  a t  wind o n s e t  
and o f f s e t .  
P i t chove r  and Conf igu ra t ion  T r a n s i t i o n  
During t h e  p e r i o d ,  t E [160, 1 9 4 1 ,  t h e  a i r c r a f t  e x i t s  a d e c e l e r a t i n g  t u r n  
( l e g  5) onto  a s t e e p  descen t  ( l e g  6 ) .  The l o n g i t u d i n a l  a c c e l e r a t i o n  command 
( f i g .  27 (a ) )  r eaches  i t s  d e s c e n t  v a l u e  wi thou t  overshoot  w h i l e  t h e  normal 
a c c e l e r a t i o n  t r a n s i e n t  f o r  t h e  p i t c h o v e r  u s e s  t h e  maximum excur s ion ,  0.125 g ,  
pe rmi t t ed  f o r  f l i g h t - p a t h  a n g l e  changes i n  t h e  command g e n e r a t o r .  
Large changes i n  t h e  c o n f i g u r a t i o n  c o n t r o l s  occur  du r ing  t h e  p i t c h o v e r  
( f i g .  2 7 ( b ) ) ;  f l a p  rises t o  55" and nozz le  t o  over  80". The scheduled f l a p  
v a r i a t i o n  f o r  t h i s  maneuver i s  due  t o  t h e  speed r e d u c t i o n  and i s  independent  
of t h e  f l i g h t - p a t h  a n g l e  change ( f i g .  1 7 )  wh i l e  t h e  nozz le  change i s  due 
p r i n c i p a l l y  t o  t h e  f l i g h t - p a t h  a n g l e  change ( f i g .  2 2 ( b ) ) .  The r e g u l a t o r  
c o n t r o l s ,  a ,  6,, are used t r a n s i e n t l y  f o r  t h e  p i t c h o v e r  and are a d j u s t e d  
somewhat f o r  t h e  descen t  b u t  remain roughly i n  t h e  c e n t e r  of t h e j r  r anges .  
Good maneuvering commands and execu t ion  i s  evidenced i n  t h e  r o l l  a n g l e  and 
i n  t h e  v e l o c i t y  c o o r d i n a t e s  and p a t h  e r r o r s  of f i g u r e  2 7 ( c ) ) .  
The a i r c r a f t  beg ins  t h e  STOL phase of i t s  approach a t  t h e  p i t c h o v e r ,  
c h a r a c t e r i z e d  by low speeds and s t e e p  d e s c e n t s  nea r  t h e  minimum A, boundary 
of t h e  a c c e p t a b l e  f l i g h t  envelope and by t h e  powered- l i f t ,  nozzle-down conf ig-  
u r a t i o n .  Cont ro l  c h a r a c t e r i s t i c s  such as c o n t r o l  margin ( f i g .  2 3 ( e ) )  and 
s e n s i t i v i t y  a l s o  change r a p i d l y  f o r  t h e  worse wi th  t h e  c o n f i g u r a t i o n  and 
speed changes and w i l l  remain margina l  u n t i l  l anding .  
T h i s  i n t e r v a l  of t h e  t e s t  p a t h  can  be compared w i t h  t h e  cor responding  
t r a n s i t i o n  maneuver f o r  manual approach d e s c r i b e d  i n  r e f e r e n c e  6 ,  i n  which 
f l a p  is  f i r s t  reduced s t epwise  wi th  speed i n  level  f l i g h t  and then  a s t e p  
change i n  nozz le  t o  i t s  approach s e t t i n g  occur s  s imul t aneous ly  w i t h  p i t c h o v e r  
t o  t h e  d e s c e n t  pa th .  I n  t h e  p r e s e n t  au tomat i c  approach,  a s h o r t  t r a n s i t i o n  
pe r iod  a g a i n  occur s ,  s e p a r a t i n g  longe r  conven t iona l  and STOL phases  of t h e  
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approach, and t h e  f l a p  and nozz le  v a r i a t i o n s  show t h e  s a m e  r e l a t i o n s h i p  t o  
speed and e q u i v a l e n t  f l i g h t - p a t h ' a n g l e .  However, t h e  au tomat i c  t r a n s i t i o n  
shown h e r e  does  n o t  a t t e m p t  t o  minimize p i l o t  workload, so  t h e  s e q u e n t i a l  and 
d e s c r e t e  s t e p s  of t h e  manual t r a n s i t i o n  are now c a r r i e d  o u t  s imul t aneous ly  
and con t inuous ly .  The au tomat i c  system a t t e m p t s  t o  minimize c o n t r o l  a c t i v i t y ;  
t h a t  is, overshoot  of s t e a d y - s t a t e  v a l u e  o r  unnecessary  reversal is  avoided i n  
t h e  p a t h  and c o n t r o l  v a r i a b l e s  (Au, AN, V,  y, $, K, 8 ,  4 ,  6 f r  v, a, 6,). 
Descending Helical  Turn w i t h  Winds 
Leg 7 ( t  E [194, 2941) i s  a low-speed, s t e e p l y  descending and d e c e l e r a t i n g  
t u r n  i n  t h e  p re sence  of a s t e a d y  10-knot y-ax is  wind whose o n s e t  occu r s  a t  
t h e  q u a r t e r  t u r n  ( t  = 205). The maneuver execu t ion  i s  similar t o  earlier 
r e s u l t s  excep t  f o r  wind e f f e c t s .  The 10-knot wind i s  a crosswind r e l a t i v e  
t o  t h e  runway c e n t e r  p l a n e  and t o  approach p a t h s  conf ined  t o  t h e  c e n t e r p l a n e ,  
and i s  n o t  d i f f i c u l t  t o  c o n t r o l  as a crosswind r e l a t i v e  t o  t h e  a i r c r a f t .  
However, du r ing  t h e  360" h e l i c a l  t u r n  i t  a c t s  v a r i o u s l y  as headwind, c rosswind ,  
and t a i l w i n d  and produces a n  excur s ion  of t h e  e q u i v a l e n t  a i r s p e e d  VE down 
t o  58 k n o t s  i n  t h a t  quadran t  of t h e  h e l i x  i n  which i t  i s  a t a i l w i n d  
( f i g .  2 7 ( a ) ) .  Th i s  excur s ion  abuses  t h e  minimum speed boundary by 6 k n o t s  and 
r e s u l t s  i n  abuse  of t h e  l i f t  margin and maximum t h r o t t l e  c o n s t r a i n t s .  I n  
a d d i t i o n ,  t h e  l o n g i t u d i n a l  a c c e l e r a t i o n  AuNoM i s  a f f e c t e d  by t h e  wind 
through bo th  t h e  t u r n  a c c e l e r a t i o n  and f l i g h t - p a t h  a n g l e  t e r m s  i n  equa- 
t i o n s  (51) and (52) w i t h  excur s ions  of A, down t o  -0.18 g.  Th i s  excur s ion  
abuses  t h e  minimum Au boundary of t h e  a c c e p t a b l e  f l i g h t  envelope du r ing  
about  h a l f  t h e  t u r n  and r e s u l t s  i n  v e r y  low c o n t r o l  margin.  These envelope 
abuses  are a l s o  shown i n  f i g u r e  28. The minimum approach speed,  V b i n ( i ) ,  
is  a f a m i l i a r  f l i g h t  s a f e t y  parameter f o r  CTOL a i r c r a f t ;  i n  a d d i t i o n ,  STOL 
a i r c r a f t  can approach  a t  s t e e p  g l i d e  a n g l e s  n e a r  t h e  minimum l o n g i t u d i n a l  
a p p l i e d  s p e c i f i c  f o r c e  boundary s o  t h a t  
parameter .  
Aumin(C> i s  a l s o  a s i g n i f i c a n t  s a f e t y  
The c o n t r o l  a c t i v i t y  ( f i g .  27(b))  shows t h a t  t h e  e f f e c t s  of wind on l i f t  
are balanced a t  f i r s t  by f l a p  ad jus tmen t s  u n t i l  i t  s a t u r a t e s  a t  i t s  maximum; 
then  by ct i n c r e a s e s ,  and f i n a l l y ,  a t  t h e  lowes t  speeds ,  l a r g e  t h r o t t l e  
i n c r e a s e s  are used t o  supply  powered l i f t  and a modest abuse  of t h e  maximum 
allowed s t e a d y  t h r o t t l e  (25.6") occur s .  The n o z z l e  v a r i a t i o n  i s  r e l a t e d  t o  
t h e  e f f e c t  of wind on 
l i t t l e  speed c o n t r o l  margin remaining i n  t h e  r e g u l a t o r .  The a b i l i t y  of t h e  
Trimmap and a u t o p i l o t  t o  s u r v i v e  envelope abuse  e v e n t s  and t o  con t inue  s o l v i n g  
t h e  t r i m  equa t ions  o u t s i d e  t h e  boundary of t h e  a c c e p t a b l e  f l i g h t  envelope has  
been demonstrated he re .  Th i s  c a p a b i l i t y  is  an impor tan t  f l i g h t - s a f e t y  a s p e c t  
of t h e  des ign  and, a l though  t h e  c o n f i g u r a t i o n  schedu le  des ign  procedure  
formula ted  i n  t h e  s e c t i o n  on c o n f i g u r a t i o n  o p t i m i z a t i o n  does  n o t  supply  des ign  
c r i t e r i a  f o r  t h e  envelope abuse regime, such  c r i t e r i a  can  b e  inco rpora t ed  i n  
a g e n e r a l  des ign  methodology f o r  r edundan t ly  c o n t r o l l e d  a i r c r a f t .  
AuNoM, and rises t o  v a l u e s  above 90" where t h e r e  is  
I n  t h e  p r e s e n t  s i m u l a t i o n  tests,  t h e  system is  c a r r i e d  o u t s i d e  i t s  
a c c e p t a b l e  envelope  w h i l e  a t t empt ing  t o  t r a c k  t h e  commanded four-dimensional 
i n e r t i a l  pa th  i n  t h e  p re sence  of winds. I n  a n  o p e r a t i o n a l  environment, a 
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four-dimensional  guidance. system would b e  a d d i t i o n a l  e lement  of t h e  au tomat ic  
c o n t r o l  system n o t  p r e s e n t  i n  t h e  system of f i g u r e  1 which would s y n t h e s i z e  
t r a j e c t o r y  commands u s i n g  wind in fo rma t ion  so  t h a t  t h e  a i r c r a f t  is n o t  fo rced  
t o  abuse  i t s  a c c e p t a b l e  o p e r a t i o n a l  envelope i n  o r d e r  t o  t r a c k  t h e  i n e r t i a l  
t r a j e c t o r y  ( e . g . ,  r e f s .  11 and 1 2 ) .  A h e l i c a l  p a t h  i n  t h e  wind environment 
of t h e  p r e s e n t  s imula t ion  t es t  can  be  flown a t  a sha l lower  descen t  a n g l e  and 
h igher  speed wi thout  abus ing  t h e  f l i g h t  envelope ,  a l though  t h e  s u s c e p t i b i l i t y  
of four-dimensional  h e l i c a l  t u r n s  t o  wind e f f e c t s  on c o n t r o l  a c t i v i t y  and con- 
t r o l  c h a r a c t e r i s t i c s  makes i t  a d o u b t f u l  o p e r a t i o n a l  maneuver. 
G l ide  S lope  w i t h  Wind Shear  
The g l i d e  s l o p e ,  ( t  E [ 2 9 4 ,  3 8 1 ] ) ,  is  a s t e e p  descen t  a t  minimum speed,  
which is  d i s t u r b e d  i n  t h i s  test by bo th  a crosswind (10 kno t s )  and a headwind 
(15 k n o t s ) .  The headwind i s  i n i t i a t e d  a t  t = 315 and then  bo th  winds 
d e c l i n e  l i n e a r l y  t o  zero  a t  t = 360, p r i o r  t o  f l a r e .  Th i s  s h e a r  i s  modest 
r e l a t i v e  t o  v a l u e s  encountered i n  p r a c t i c e  b u t  s u f f i c e s  t o  i l l u s t r a t e  t h e  
e f f e c t s  of s t eady  shea r .  
The crosswind r e q u i r e s  on ly  a change of a i r c r a f t  heading $ from t h e  
d e s i r e d  i n e r t i a l  d i r e c t i o n  
by t h e  Tr immap,  as seen  by t h e  s m a l l  d i f f e r e n c e  between $v and Q i n  f i g -  
u r e  27 (c ) .  
Qv,, and t h i s  c o r r e c t i o n  i s  supp l i ed  a u t o m a t i c a l l y  
The headwind produces v a r i a t i o n s  of t h e  nominal commands; bo th  
AUNOM i n c r e a s e  t empora r i ly  i n  accordance w i t h  equa t ion  (52) and t h e  wind 
t i m e  h i s t o r y  and a l s o  t r a n s i e n t  feedback components occur  i n  AUc and  AN^ 
t h e  o n s e t  of t h e  headwind ( f i g .  2 7 ( a ) ) .  The feedback components a r i se  bo th  
from l a g s  i n  t h e  c o n t r o l  response  t o  t h e  wind v a r i a t i o n ,  and from e r r o r s  i n  
e s t i m a t i n g  t h e  wind. Wind e s t i m a t i o n  e r r o r s  e n t e r  t h e  Trimnap c a l c u l a t i o n s  
of l i f t  and d rag  f o r c e s  as a i r s p e e d  e r r o r s  and,  hence,  produce t h e  s a m e  e f f e c t  
as o t h e r  modeling e r r o r s  ( eqs .  ( 4 6 ) - ( 4 9 ) ) ;  t h a t  i s ,  i f  6 V  i s  t h e  s t e a d y  
a i r s p e e d  e s t i m a t i o n  e r r o r  then  t h e  cor responding  s t e a d y  a c c e l e r a t i o n  e r r o r  i s  
VE, and 
a t  
I n  t h e  g l i d e  s l o p e  tes t ,  s t e a d y  wind e s t i m a t i o n  e r r o r s  r e s u l t  from wind s h e a r ,  
and t h e  consequent s t eady  p o s i t i o n  o f f s e t s  below the  r e f e r e n c e  g l i d e p a t h ,  
6 ~ , ,  6 ~ ~ ,  are seen  i n  f i g u r e  27 (c ) .  Larger  s t e a d y  s h e a r  v a l u e s  would produce 
p r o p o r t i o n a t e l y  l a r g e r  e s t i m a t i o n  e r r o r s ,  6 V ,  and cor responding  p o s i t i o n  
o f f  sets. 
The c o n t r o l  a c t i v i t y  on t h e  g l i d e  s l o p e  ( f i g .  27(b) )  shows some nozz le  
ad jus tment  i n  r e sponse  t o  t h e  wind e f f e c t  on I n  manual o p e r a t i o n s  
( r e f .  6) t h e  n o z z l e  i s  a d j u s t e d  on t h e  g l i d e  s l o p e  f o r  winds;  h e r e ,  t h e  
au tomat ic  c o n f i g u r a t i o n  schedu le  carr ies  o u t  a s i m i l a r  ad jus tment  and can 
va ry  t h e  ad jus tmen t s  w i th  wind changes d u e  t o  shea r .  The c o n f i g u r a t i o n  
schedu le  a l s o  a t t e m p t s  t o  reduce  f l a p  as a i r s p e e d  i n c r e a s e s ,  bu t  is prevented 
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from doing  so by a f l a p  r e t r a c t i o n  s t o p  i n s t a l l e d  i n  the a i r c r a f t  (and simu- 
l a t e d  h e r e )  t h a t  p r e v e n t s  f l a p  r e t r a c t i o n  by t h e  au tomat i c  c o n t r o l  system 
below a d e t e n t ,  once t h a t  d e t e n t  i s  passed  du r ing  an  approach.  The d e t e n t s  
occur  a t  f l a p  s e t t i n g s  30", 5 0 " ,  and 65". The r e t r a c t i o n - s t o p  even t  h a s  t h e  
same e f f e c t  on t h e  t r i m  s o l u t i o n  c a l c u l a t i o n  as a f l a p  rate s a t u r a t i o n  even t ;  
t h a t  is ,  6 f c  and 6f  
case of s t e a d y  winds.  The c a l c u l a t i o n  of t h e  r e g u l a t o r  c o n t r o l s ,  (a, S t ) ,  
should t h e r e f o r e  be  based on t h e  a c t u a l  f l a p  i n  o r d e r  t o  g e n e r a t e  t h e  com- 
manded a c c e l e r a t i o n  a c c u r a t e l y ,  as i s  done i n  t h e  pre .sent  Trimmap des ign .  
are unequal  and can  remain unequal  p e r s i s t e n t l y  i n  t h e  
Both r e g u l a t o r  c o n t r o l s  show v a r i a t i o n s  on t h e  g l i d e  s l o p e  ( f i g .  27 (b ) )  
due t o  winds; a complex t h r o t t l e  t r a n s i e n t  o c c u r s  a t  wind o n s e t  which i n  p a r t  
execu te s  t h e  feedback t r a n s i e n t  i n   AN^ a t  wind o n s e t  and ,  i n  p a r t ,  t h e  
nominal A, v a r i a t i o n  ( see  f i g .  2 7 ( a ) ) .  I n  t h e  STOL c o n f i g u r a t i o n ,  engine  
power is  used t o  g e n e r a t e  b o t h  normal and l o n g i t u d i n a l  a c c e l e r a t i o n  and ,  
hence,  even i f  each  i n p u t  s i g n a l  i s  a well-behaved t r a n s i e n t ,  t h e i r  combined 
e f f e c t  on t h e  t h r o t t l e  command can be  t w i c e  as complex and r e q u i r e  a h ighe r  
f requency ,  as seen  h e r e .  The a n g l e  of a t t a c k  v a r i a t i o n  fo l lows  t h e  a i r s p e e d  
change and a l s o  i s  used by t h e  r e g u l a t o r  f u n c t i o n  of t h e  Trimmap t o  supply  
t h e  c o r r e c t i v e  feedback p o r t i o n  of  Auc; t h e  combined e f f e c t  i s  a r a p i d  drop  
i n  a and p i t c h  a t t i t u d e  by 5" a t  wind o n s e t .  
Seve ra l  overview f i g u r e s  of t h e  Trimmap i n p u t s  and o u t p u t s  on t h e  tes t  
p a t h  are shown i n  f i g u r e s  28(a)  and ( b ) .  The t r a j e c t o r y  v a r i a b l e s  
{V,(t) , Au(t )  , t E [0 ,  3841 1 are seen  i n  f i g u r e  2 8 ( a ) ,  and a dashed trace 
of t h e  t r a j e c t o r y  i n  t h e  absence  of winds is  inc luded  f o r  comparison. It i s  
appa ren t  t h a t  t h e  winds du r ing  t h e  level  t u r n ,  h e l i c a l  d e s c e n t ,  and g l i d e  
s l o p e  l e g s  can have a pronounced e f f e c t  on t h e s e  Trimmap and c o n f i g u r a t i o n  
schedule  i n p u t s  w h i l e  t r a c k i n g  a four-dimensional  approach pa th .  The low- 
speed s t e e p  h e l i c a l  d e s c e n t  is  e s p e c i a l l y  s u s c e p t i b l e  t o  envelope  abuse  due 
t o  winds bo th  i n  minimum speed and minimum e q u i v a l e n t  f l i g h t - p a t h  a n g l e .  
The l o c u s  of c o n f i g u r a t i o n  commands ( f i g .  28(b) )  du r ing  t h e  approach i s  
r e l a t i v e l y  s imple  and m i g r a t e s  from t h e  lower l e f t  co rne r  of t h e  f i g u r e  
(CTOL c o n f i g u r a t i o n )  t o  t h e  upper r i g h t  (STOL c o n f i g u r a t i o n ) .  Of t h e  remain- 
i n g  c o r n e r s ,  t h e  upper  l e f t  docs n o t  occur  i n  t h e  c o n f i g u r a t i o n  schedu le  and 
t h e  lower r i g h t  cor responds  t o  nominal f l i g h t  c o n d i t i o n s  which are l i t t l e  used 
i n  passenger  o p e r a t i o n s .  However, t h e s e  r e g i o n s  would come i n t o  g r e a t e r  u se  
i f  t h e  nozz le  w e r e  used f o r  r e g u l a t i o n .  
It should  be  noted  t h a t ,  a l t hough  some feedback a c t i v i t y  and e x e r c i s e  of 
t h e  r e g u l a t i o n  f u n c t i o n  occur s  i n  t h e  s i m u l a t i o n  r e s u l t s  p re sen ted  i n  t h i s  
paper ,  t h e s e  tests p r i m a r i l y  demonst ra te  t h e  f u n c t i o n i n g  of t h e  au tomat i c  
c o n f i g u r a t i o n  schedu le  and a u t o p i l o t  system i n  r e sponse  t o  low-frequency i n p u t s  
t h a t  e x c i t e  on ly  a minimum of feedback a c t i v i t y .  Rea l i s t ic  examinat ion of t h e  
r e g u l a t o r  behavior  and response  t o  h ighe r  f requency  maneuvers and feedback 
commands and t o  h ighe r  f requency d i s t u r b a n c e s  and modeling e r r o r s  r e q u i r e s  
a more a c c u r a t e  s i x  degrees-of-freedom s i m u l a t i o n  of t h e  a i r c r a f t  a t t i t u d e  and 
engine  dynamics than  w a s  used h e r e ;  such a n  examinat ion w i l l  be  t h e  s u b j e c t  of 
f u t u r e  s i m u l a t i o n  tests. 
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CONCLUSIONS 
The d e s i g n  c r i t e r i a  f o r  a Trimmap f o r  t h e  a p p l i c a t i o n  of a n  advanced au to-  
m a t i c  c o n t r o l  system s t r u c t u r e  ( r e f .  1 and f i g .  1) t o  t h e  augmentor wing j e t  
STOL r e s e a r c h  a i r c r a f t  (AWJSRA) has  been d e s c r i b e d .  This  s t r u c t u r e  accommodates 
t h e  coup l ing  of redundant ly  c o n t r o l l e d  a i r c r a f t  t o  a n  ATC system having a 
g e n e r a l  set of approach t r a j e c t o r i e s  a t  i t s  command. The Trimmap i s  t h e  
c e n t r a l  e lement  of a n  a c c e l e r a t i o n  c o n t r o l l e r  s t r u c t u r e  capable  of execu t ing  
t r a j e c t o r y  commands. A c c e l e r a t i o n  commands are cons t ruc t ed  as t h e  sum of t h e  
a c c e l e r a t i o n  on t h e  commanded t r a j e c t o r y  and a feedback t e r m  t o  c o r r e c t  p a t h  
e r r o r s ;  t h e  Trimmap then  c a l c u l a t e s  t h e  c o n t r o l  s e t t i n g s  r e q u i r e d  t o  g e n e r a t e  
t h e s e  a c c e l e r a t i o n s  a t  t h e  c u r r e n t  s ta te  and parameter  v a l u e s ,  u s i n g  a model 
of t h e  a i r c r a f t  f o r c e s .  The p r i n c i p a l  problems t o  be  r e so lved  i n  t h e  Trimmap 
f o r  t h i s  and o t h e r  STOL a i r c r a f t  are c o n t r o l  redundancy and t h e  n o n l i n e a r i t y  
of t h e  t r i m  equa t ions .  
A s t r u c t u r e  f o r  r e s o l v i n g  redundancy w a s  proposed ( f i g .  10) .  It  c o n t a i n s  
two p r i n c i p a l  e lements:  f i r s t ,  a c o n f i g u r a t i o n  schedule  d r i v e s  t h e  redundant  
c o n t r o l s  ( f l a p  and nozz le )  as a f u n c t i o n  of  t h e  nominal t r a j e c t o r y  command and 
i s  conf igured  o f f - l i n e .  The second element i s  a t r i m  s o l u t i o n  a l g o r i t h m  t h a t  
c a r r i e s  o u t  t h e  r e g u l a t i o n  f u n c t i o n  by s o l v i n g  t h e  two t r i m  equa t ions  f o r  t h e  
remaining c o n t r o l s  ( ang le  of a t t a c k  and t h r o t t l e )  on t h e  b a s i s  of t h e  t o t a l  
a c c e l e r a t i o n  command. I t  w a s  found t h a t  t h e  c o n t r o l  margin a v a i l a b l e  f o r  reg-  
u l a t i o n  i s  maximized by us ing  a s  many of t he  c o n t r o l s  f o r  t h i s  purpose a s  have 
s u f f i c i e n t  bandwidth. The t r i m  s o l u t i o n  a lgo r i thm w a s  t h e r e f o r e  s t r u c t u r e d  t o  
d e f a u l t  t o  n o z z l e u s e  when e i t h e r o f  t he  convent iona l  c o n t r o l s  s a t u r a t e  ( f i g .  14) .  
The c o n f i g u r a t i o n  can b e  s e l e c t e d  op t ima l ly  a t  any f l i g h t  c o n d i t i o n  
w i t h i n  a range  l i m i t e d  by t h e  o p e r a t i o n a l  c o n s t r a i n t s .  For t h e  AWJSRA, t h e  
f l a p  and nozz le  w e r e  s e l e c t e d  t o  maximize l i f t  margin and r e g u l a t o r  c o n t r o l  
margin.  This  w a s  done because t h e s e  margins  are s t r o n g l y  dependent on t h e  
c o n f i g u r a t i o n  c o n t r o l s  and i n  o rde r  t h a t  t h e  au tomat ic  system r e t a i n  t h e  
a i r c r a f t ' s  f u l l  c a p a b i l i t i e s  f o r  low-speed, s t e e p l y  descending f l i g h t .  It can 
be  concluded t h a t  c o n f i g u r a t i o n  management i s  a key d e s i g n  i s s u e  f o r  redun- 
d a n t l y  c o n t r o l l e d  a i r c r a f t  and governs t h e  o p e r a t i o n a l  envelope of t h e  au to-  
m a t i c  c o n t r o l  system as w e l l  as t h e  behavior  of configurat ion-dependent  
parameters  over  t h a t  envelope.  
A i r c r a f t  n o n l i n e a r i t y  i s  t r e a t e d  i n  a s imple  way by t h e  computa t iona l  
methods desc r ibed  h e r e  f o r  s o l u t i o n  of t h e  t r i m  e q u a t i o n s  (appendix B) and 
f o r  o p t i m i z a t i o n  of t h e  c o n f i g u r a t i o n  schedu le  (appendix C).  Tabulated d a t a  
i s  used so t h a t  t h e  r e l e v a n t  n o n l i n e a r i t i e s  are approximated as cont inuous  
p iecewise  l i n e a r  f u n c t i o n s  wi th  accuracy  governed by t h e  number of p i e c e s  
used. I n  a d d i t i o n ,  t h e  d e s i g n  domains f o r  a l l  independent  v a r i a b l e s  i n  t h e  
problem are  bounded and known i n  each  d e s i g n  problem. Thus, s o l u t i o n s  of 
t h e  n o n l i n e a r  trim equa t ions  can  be  computed r o u t i n e l y  and r e l i a b l y  by 
r e p r e s e n t i n g  t h e  model as p iecewise  l i n e a r ,  u s i n g  a f i n i t e  number of p i e c e s ,  
and then  sea rch ing  t h e  p i e c e s  e x h a u s t i v e l y  f o r  s o l u t i o n s .  Th i s  approach,  
however, r e q u i r e s  s p e c i a l l y  devised  a lgo r i thms  f o r  each a p p l i c a t i o n  and 
more g e n e r a l  a lgo r i thms  based on  Newtonian i t e r a t i o n  are a t t r ac t ive  
a l t e r n a t i v e s  bu t  of unknown convergence. 
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S i m i l a r l y ,  t h e  c o n f i g u r a t i o n  o p t i m i z a t i o n  procedure  is simply one of enumerat- 
i n g  t r i m  s o l u t i o n s  and c o n s t r a i n t  parameters  on a set of  p o i n t s  which span  t h e  
d e s i g n  domains of a l l  v a r i a b l e s  d e f i n i n g  c o n f i g u r a t i o n  and f l i g h t  c o n d i t i o n ,  
and s e l e c t i n g  t h e  optimum c o n f i g u r a t i o n  a t  each  f l i g h t  c o n d i t i o n  from t h e  
s o l u t i o n s  ob ta ined .  
The au tomat i c  c o n t r o l  system, i n c l u d i n g  t h e  Trimmap d e s c r i b e d  i n  t h i s  
r e p o r t ,  w a s  s u b j e c t e d  t o  s i m u l a t i o n  tests u s i n g  a four-dimensional  (4-D) STOL 
approach p a t h  ( f i g .  26) .  
These i n v e s t i g a t i o n s  demonst ra te  t h e  system re sponse  t o  low-frequency 
i n p u t s ,  i n c l u d i n g  maneuver commands, Trimmap model e r r o r s ,  and s t e a d y  winds,  
b u t  system behavior  i n  r e sponse  t o  h ighe r  f requency  d i s t u r b a n c e s ,  such  as 
g u s t s  and t r a n s i e n t  model e r r o r s ,  are n o t  covered i n  t h e s e  tests. S imula t ion  
r e s u l t s  are  shown i n  f i g u r e  27 from which a number of conc lus ions  w e r e  drawn. 
1. The proposed Trimmap s t r u c t u r e  p rov ides  au tomat ic  c o o r d i n a t i o n  of 
a l l  a i r c r a f t  c o n t r o l s  du r ing  t r a n s i t i o n  maneuvering and does s o  f o r  any 
maneuver i n  a g e n e r a l  o u t p u t  set pe rmi t t ed  t o  t h e  command g e n e r a t o r  and t h e  
unde r ly ing  ATC system. Con t ro l  rates and system performance d u r i n g  t r a n s i -  
t i o n s  depend on bo th  t h e  Trimmap c o n f i g u r a t i o n  schedu le  and t h e  command 
g e n e r a t o r .  The au tomat i c  system has  a h ighe r  workload c a p a c i t y  than  i s  
a c c e p t a b l e  i n  manual ly  c o n t r o l l e d  f l i g h t ,  and t h e  p r e s e n t  concepts  e x p l o i t  
t h i s  h i g h e r  c a p a c i t y  t o  a c h i e v e  t h e  g e n e r a l i z e d  maneuver c a p a b i l i t y .  
2. Steady Trimmap e r r o r s  i n  modeling t h e  a i r c r a f t  f o r c e s  are cont inu-  
o u s l y  p r e s e n t  i n  f l i g h t  and can  arise from a i r c r a f t  model d a t a  i n a c c u r a c i e s ,  
s t a t e  o r  parameter  e s t i m a t i o n  e r r o r s ,  and so f tware  i n a c c u r a c i e s .  The system 
feedback a d j u s t s  t h e  r e g u l a t o r  c o n t r o l s  from t h e i r  nominal v a l u e s  i n  o r d e r  t G  
compensate f o r  such e r r o r s ,  and r e s u l t s  i n  a s t e a d y  p o s i t i o n  e r r o r  i n  
p r o p o r t i o n  t o  t h e  accuracy  of t h e  model used by t h e  t r i m  s o l u t i o n  a l g o r i t h m  
(eqs.  (46) - (49) ) .  It w a s  concluded t h a t  i n t e g r a l  feedback of t h e  a c c e l e r a t i o n  
e r r o r  (eq.  49 ) )  should  be  added t o  t h e  Trimmap i n  o r d e r  t o  re l ieve t h e  
r e g u l a t o r  of u s i n g  i t s  a u t h o r i t y  f o r  s t e a d y  model e r r o r  compensation and t o  
reduce  t h e  s e n s i t i v i t y  of system t r a c k i n g  performance t o  model accuracy .  
3 .  Steady winds are normally p r e s e n t  throughout  t h e  approach and can  
s i g n i f i c a n t l y  a f f e c t  t h e  Trimmap i n p u t s  compared t o  t h e i r  v a l u e s  i n  t h e  
absence  of winds (eqs .  (51) and (52) and f i g .  2 8 ( a ) ) .  The Trimmap a d j u s t s  
a l l  c o n t r o l s  f o r  t h e  wind e f f e c t s  t o  ma in ta in  t h e  maximum c o n t r o l  margin 
c o n f i g u r a t i o n  a u t o m a t i c a l l y  wh i l e  t r a c k i n g  t h e  four-dimensional  i n e r t i a l  
pa th .  Steady wind e s t i m a t i o n  e r r o r s  arise d u r i n g  wind s h e a r  c o n d i t i o n s  and 
produce t h e  model e r r o r  e f f e c t s  desc r ibed  above. 
4 .  The STOL approach p a t h  o p e r a t e s  nea r  t h e  boundar ies  of t h e  a c c e p t a b l e  
f l i g h t  regime bo th  i n  minimum speed and i n  minimum Long i tud ina l  a p p l i e d  
s p e c i f i c  f o r c e  i n  o r d e r  t o  ach ieve  t h e  s h o r t  f i e l d  l e n g t h  c a p a b i l i t y .  The 
minimum f l i g h t - p a t h  a n g l e  boundary cor responding  t o  Aumin (p) i s  , t h e r e f  o r e  , 
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a s i g n i f i c a n t  s a f e t y  parameter f o r  STOL a i r c r a f t  i n  a d d i t i o n  t o  t h e  minimum 
speed, Vh in (c ) .  Abuses of bo th  boundar ies  can arise due t o  winds, and t h e  
c a p a b i l i t y  of t h e  Trimmap t o  o p e r a t e  d u r i n g  such abuses  w a s  demonstrated.  
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APPENDIX A 
AWJSRA ENGINE AND AERODYNAMIC FORCE MODELS AND ELEVATOR TRIM FUNCTION 
The engine  and aerodynamic f o r c e  models used i n  t h e  c a l c u l a t i o n s  of t h i s  
paper  are d e s c r i b e d  i n  d e t a i l .  Both g raphs  and t a b u l a t e d  d a t a  are g iven  f o r  
t h e  v a r i o u s  f u n c t i o n s  r e q u i r e d  f o r  t h e  models (TH, TC, ;E, CD, CL). 
a d d i t i o n ,  e l e v a t o r  t r i m  v a l u e s  and engine  f u e l  f l ow d a t a  used i n  t h e  Force  
Trimmap are inc luded .  
In  
\ 
Funct ion  e v a l u a t i o n  i s  c a r r i e d  o u t  by i n t e r p o l a t i o n  of t h e  t a b u l a t e d  d a t a  
u s i n g  s imple ,  i n v e r t i b l e  i n t e r p o l a t i o n  formulas  g iven  i n  appendix B. To 
minimize s t o r a g e  and computat ion time requ i r emen t s ,  t a b l e  s i z e s  have been 
approximate ly  minimized w i t h i n  t h e  accu racy  requi rement  t h a t  t h e  o r i g i n a l  
d a t a ,  based on theo ry ,  wind-tunnel tests, and f l i g h t  tests, be  reproduced by 
t h e  f o r c e  model t o  a n  accuracy  of 0 .01 g.  Other  classes of d a t a - f i t t i n g  
f u n c t i o n s  ( s p l i n e  f u n c t i o n s  and o r thogona l  polynomials)  w e r e  i n v e s t i g a t e d  
f o r  computa t iona l  e f f i c i e n c y ;  however, t hey  w e r e  d i f f i c u l t  t o  i n v e r t  and 
r e q u i r e d  as many parameters  as t h e  t a b u l a t e d  d a t a  method i n  o r d e r  t o  o b t a i n  
+he r e q u i r e d  accuracy .  I n  a d d i t i o n ,  t a b u l a t e d  models permi t  s t r a i g h t f o r w a r d  
c o n t r o l  over  t h e  maximum e r r o r  i n  t h e  model w h i l e  a n a l y t i c a l  f u n c t i o n  models,  
whose parameters  are computed v i a  leas t  s q u a r e s  t echn iques ,  are designed t o  
minimize average  e r r o r s .  The t a b l e  i n t e r p o l a t i o n  method i s  a p p l i e d  cons i s -  
t e n t l y  throughout  t h i s  paper  and w a s  found t o  b e  s imple  and r o u t i n e l y  a p p l i -  
c a b l e  i n  a l l  phases  of t h e  work. 
Engine Model 
The AWJSRA is  powered by two twin-spool j e t  eng ines  ( R o l l s  Royce Spey 
MK 801-SF eng ines ) .  Some a i r  i s  ducted  o f f  t h e  f i r s t  compressor and exhaus ted  
through t h e  augmentor f l a p s  t o  o b t a i n  l i f t  augmentat ion;  t h e  a i r  is  a l s o  
duc ted  t o  t h e  a i l e r o n s  f o r  boundary-layer c o n t r o l .  The remaining a i r  p a s s e s  
through t h e  eng ine  normal ly  b u t  i s  exhaus ted  through movable nozz le s  t o  
p rov ide  a j e t  t h r u s t  v e c t o r  which can be  v a r i e d  i n  d i r e c t i o n  over  90". 
engine  nozz le s  and f o r c e s  are i l l u s t r a t e d  i n  f i g u r e  29. 
The 
The d i r e c t  engine  f o r c e s  are t h e  t h r u s t  from t h e  h o t  exhaus t  and t h e  
r a m  d rag  due t o  momentum rate  of t h e  i n l e t  a i r .  These f o r c e s ,  r e f e r r e d  t o  
s t a b i l i t y  axes, are 
I n  a d d i t i o n ,  t h e  e f f e c t  of t h e  duc ted  a i r  used f o r  l i f t  augmentat ion 
is  inc luded  i n  t h e  aerodynamic d e s c r i p t i o n  through t h e  dependence of l i f t  and 
d rag  c o e f f i c i e n t s  on t h e  "cold t h r u s t  c o e f f i c i e n t "  
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where Tc i s  t h e  e q u i v a l e n t  t h r u s t  ob ta ined  from i s e n t r o p i c  expansion of t h e  
compressed duc ted  a i r  t o  ambient  a tmospher ic  c o n d i t i o n s .  
Three parameters  (TH, Tc,  &E) i n  e q u a t i o n s  (Al) and (A2) remain t o  b e  
de f ined .  These are f u n c t i o n s  of a i r s p e e d ,  a tmospher ic  p r e s s u r e  and tempera- 
t u r e ,  and engine  rpm. P l o t s  and t a b l e s  are g iven  i n  f i g u r e  30 and i n  t a b l e  1 
f o r  t h e  l lcor rec ted l '  engine  parameters  
6 6 
where 
~ , 6  = t empera ture  and p r e s s u r e  r a t i o s ,  
PSSL,TSSL = s t anda rd  m i d - l a t i t u d e  sea l e v e l  a tmospher ic  p r e s s u r e ,  t empera ture  
(10.13 N / c m 2 ,  288.15" K )  
P1,T1 = engine  i n l e t  s t a g n a t i o n  c o n d i t i o n s  
These d a t a  de r ived  from engine  t es t  s t a n d  d a t a  from t h e  manufac turer  and from 
company r e p o r t s  from t h e  a i r c r a f t  m o d i f i c a t i o n  c o n t r a c t o r ,  i nc lude  t h e  e f f e c t s  
of power b l eed  and d u c t i n g  l o s s e s .  The r a t i o s  T ,  6 are convenient  s i m i l a r -  
i t y  parameters  i n t roduced  s o  t h a t  engine  t h r u s t  and m a s s  f low a t  a l l  atmo- 
s p h e r i c  c o n d i t i o n s  can  b e  c a l c u l a t e d  from t h o s e  a t  t h e  r e f e r e n c e  c o n d i t i o n s ,  
T = 6 = 1. The independent  v a r i a b l e ,  NH, i s  t h e  c o c k p i t  tachometer  d i a l  read-  
ing  ("power s e t t i n g " )  which, f o r  t h i s  i n s t a l l a t i o n ,  i s  rpmll21.3.  Engine 
o p e r a t i o n a l  l i m i t s  on power s e t t i n g  are 
I d l e  power NI = 59.3 
Maximum cont inuous  power Nplc = 95.8 
(A3 1 
Normal T.O. power NTO = 98.5 
Emergency power NE = 101.4 J 
Such l i m i t s  occur  f o r  most j e t  engine  i n s t a l l a t i o n s ;  t hey  are  s e l e c t e d  t o  
y i e l d  s p e c i f i e d  time i n t e r v a l s  between r e q u i r e d  major  engine  ove rhau l s  and 
are marked by d e t e n t s  on t h e  t h r o t t l e  c o n t r o l s .  
The t h r o t t l e  lever a n g l e ,  which is used t o  c o n t r o l  engine  o u t p u t ,  i s  
d i r e c t l y  r e l a t e d  t o  power s e t t i n g  €or  t h e  AWJSRA ( f i g .  30). Engine f u e l  f l ow 
i s  a l s o  g iven  i n  f i g u r e  30 and t a b l e  1. 
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The domain over  which t h e s e  d a t a  d e f i n e  t h e  eng ine  model 
0 G V G 250 k n o t s  
0 N H / 6  G 103.5  
s u f f i c e s  t o  cover  the range  of a i r s p e e d s  of in terest  f o r  t h e  AWJSRA and opera- 
t i o n  a t  o r  below maximum cont inuous  power f o r  t empera tu res  above -12' C .  
The maximum s t e a d y  t h r u s t  a v a i l a b l e  i n  f l i g h t  occu r s  a t  maximum con t inuous  
power, Nmc; i t  d e c r e a s e s  w i t h  a l t i t u d e  and t empera tu re  and i n c r e a s e s  w i t h  
a i r s p e e d ,  as shown i n  f i g u r e  31.  The maximum c o l d  t h r u s t  c o e f f i c i e n t  a l s o  
occur s  a t  Nmc. It varies p r i n c i p a l l y  w i t h  a i r s p e e d  ( f i g .  3 1 ( c ) )  and i s  
independent  of p r e s s u r e  a l t i t u d e .  A s  seen, CJ i s  r e s t r i c t e d  t o  low v a l u e s  a t  
c r u i s e  speeds (160 k n o t s )  and t h e r e  i s  l i t t l e  e f f e c t  of engine  power on aero-  
dynamic c o e f f i c i e n t s  a t  h ighe r  speeds.  Much h ighe r  v a l u e s  of CJ are a v a i l -  
a b l e  a t  l and ing  speeds  (65 kno t s )  and a t  low speeds  g e n e r a l l y  as d e s i r e d  f o r  
t h e  l i f t  augmentat ion system des ign .  
Aerodynamic Forces  
The aerodynamic f o r c e s  i n  s t a b i l i t y  axes are  w r i t t e n  
where CL, C, are t h e  u s u a l  l i f t  and d r a g  c o e f f i c i e n t s  and Sw i s  t h e  wing 
area, 80.4 m2.  
The aerodynamic d e s c r i p t i o n  of t h e  AWJSRA used h e r e  is  de r ived  from 
r e f e r e n c e  4 ,  where wing-body l i f t  and d rag  c o e f f i c i e n t s  are  t a b u l a t e d  as 
f u n c t i o n s  of t h r e e  v a r i a b l e s ,  {a, 6 f ,  CJ), over  t h e  domain 
cx E [-10.5",27.5"] 
6 f  E [5.6" ,72"]  
cJ E 
(A5 1 
The d a t a  of r e f e r e n c e  4 w e r e  based l a r g e l y  on wind-tunnel d a t a ,  bu t  more 
a c c u r a t e  d a t a  have s i n c e  been obta ined  from f l i g h t  tests ( r e f .  6) and are  
inc luded  i n  t h e  model of t h i s  paper .  I n  a d d i t i o n ,  t h e  c o e f f i c i e n t s  have been 
c o r r e c t e d  f o r  t h e  symmetric deployment of a i l e r o n  w i t h  f l a p  t h a t  i s  b u i l t  i n t o  
t h e  f l a p  mechanism, and f o r  t h e  t a i l  l i f t  which i s  r equ i r ed  t o  t r i m  t h e  
a i r c r a f t .  Ground e f f e c t s ,  which occur  a t  a l t i t u d e s  below 16  m are  n o t  
inc luded  i n  t h e  model. 
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The t a i l  l i f t  c o r r e c t i o n  i s  computed from 
- 1  
- - - [Icc% i- aLCLm - aDcD,] 
a T  
H e r e ,  C M ~  is  t h e  wing-body p i t c h i n g  moment, c is  t h e  mean aerodynamic 
co rd ,  and 
l i f t  and d r a g  f o r c e s  ( r e f .  4 ) .  The t a i l  l i f t  c o r r e c t i o n  c o n t a i n s  on ly  func- 
t i o n s  of {a, 6 f ,  CJ} and can b e  inc luded  i n  t h e  l i f t  c o e f f i c i e n t  w i thou t  
i n c r e a s i n g  t h e  number of independent v a r i a b l e s .  V a r i a t i o n s  i n  c .g .  l o c a t i o n  
w i t h  a i r c r a f t  weight and t h e  p i t c h i n g  moment due t o  engine  t h r u s t  have on ly  
n e g l i g i b l e  e f f e c t  on t h e  t a i l  l i f t  and are n e g l e c t e d .  
aT, aL,  and a D  are t h e  moment arms f o r  t a i l  l i f t  and wing-body 
The r e s u l t i n g  aerodynamic model is  t a b u l a t e d  i n  t a b l e  2 and p i c t u r e d  i n  
f i g u r e  32 as l i f t - d r a g  p o l a r s  f o r  f o u r  f l a p  s e t t i n g s ,  w i t h  l i n e s  of c o n s t a n t  
ct and CJ mapped on each p l o t .  During approach and l a n d i n g  t h e  f l a p  s e t t i n g  
p r o g r e s s e s  s lowly  from 5.6" a t  c r u i s e  t o  65" a t  l and ing .  A t  c r u i s e ,  engine  
power i s  seen t o  have l i t t l e  e f f e c t  on l i f t  and reduces  t h e  aerodynamic d rag  
by exhaus t ing  p r e s s u r i z e d  a i r  rearward through t h e  f l a p .  I n  any c a s e ,  t h e r e  
i s  l i t t l e  a v a i l a b l e  range  of CJ a t  c r u i s e  speeds  and co r re spond ing ly  l i t t l e  
e f f e c t  of engine  power so  t h a t  t h e  r e s u l t i n g  model a t  c r u i s e  c l o s e l y  resembles 
t h a t  of a conven t iona l  a i r c r a f t  and has  a maximum CL of about  2 .  A t  low 
speeds  and maximum f l a p  t h e  a v a i l a b l e  range of CJ i s  much g r e a t e r  and i t s  
e f f e c t s  on l i f t  c o e f f i c i e n t  i s  pronounced w i t h  maximum 
t o  5. 
CL i n  t h e  range  of 4 
The purpose of a conven t iona l  f l a p  i s  t o  i n c r e a s e  t h e  maximum CL a v a i l -  
a b l e  from t h e  wing i n  o r d e r  t o  pe rmi t  lower l and ing  speeds.  The s p e c i a l  f l a p  
of t h e  augmentor wing has  t h e  s a m e  purpose b u t  o b t a i n s  a h ighe r  than a 
conven t iona l  f l a p  i n  o r d e r  t o  o b t a i n  s u f f i c i e n t l y  low l and ing  speeds  f o r  s h o r t  
f i e l d  l e n g t h  l and ings .  Thus, t h e  p o l a r  p l o t s  i n  f i g u r e  32  a l though  roughly 
s i m i l a r  t o  those f o r  conven t iona l  a i r c r a f t ,  r e q u i r e  a n  a d d i t i o n a l  parameter ,  
C J ,  t o  account  f o r  engine  power e f f e c t s ;  they a l s o  e x h i b i t  l a r g e  n o n l i n e a r  
v a r i a t i o n s  w i t h  f l a p  s e t t i n g .  A s  a r e s u l t ,  t h e  d a t a  r e q u i r e d  t o  d e f i n e  t h e  
aerodynamic f o r c e  model i s  g r e a t l y  inc reased  compared t o  t h e  s i n g l e  l i f t - d r a g  
p o l a r  r e q u i r e d  f o r  CTOL a i r c r a f t .  
C L ~ ~ ~  
E l e v a t o r  Trimmap 
I n  t h e  a n a l y s i s  of t h e  trim equa t ion  i n  t h i s  paper t h e  c o n t r o l  v a r i a b l e s  
are t aken  as  
of which ( 6 f , 6 t , v )  are d i r e c t l y  c o n t r o l l e d  by t h e  a u t o p i l o t  through s e r v o s ,  
and ct is  c o n t r o l l e d  by commands t o  t h e  e l e v a t o r  s e r v o .  The re fo re  t h e  rela- 
t i o n s h i p  6e(Z) i s  necessa ry  f o r  t h e  implementation of t h e  a u t o p i l o t  and con- 
s t r a i n t s  on e l e v a t o r  usage  w i l l  co r r e spond ing ly  l i m i t  t h e  u s a b l e  range  of u .  
- 
The e l e v a t o r  a f f e c t s  t h e  a i r c r a f t  f o r c e s  and moments through t h e  t a i l  
l i f t ,  which i s  modeled by t h e  l i n e a r  r e l a t i o n  
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LT = LTo + L6e6e 
w i t h  e l e v a t o r  travel l i m i t e d  t o  
6 e  E [-25°,150] 
and 
E leva to r  s t a l l  can b e  neg lec t ed  s i n c e  i t  h a s  n o t  been observed f o r  a n g l e s  of 
a t t a c k  below wing s t a l l .  I n  a d d i t i o n ,  r e d u c t i o n  of  dynamic p r e s s u r e  a t  t h e  
t a i l  due t o  t h e  wing wake p resence  is  a l s o  n e g l i g i b l e  because  of t h e  T - t a i l  
d e s i g n  of t h e  a i r c r a f t .  
be  w r i t t e n  as LT, 
i s  t h e  t a i l  l i f t  a t  z e r o  e l e v a t o r  a n g l e  and can  
where 
AaT = cx - E + LT - a0 
T 
E = t a i l  downwash a n g l e  
iT = t a i l  i n c i d e n c e  
a = a n g l e  of a t t a c k  f o r  which t a i l  l i f t  i s  zero  
O T  
~ C L ~  
= -  
LTa a@ C 
The downwash a n g l e  i s  gene ra t ed  from a complex model ( r e f .  4 )  whose 
independent  v a r i a b l e s  are {Sf ,  C ~ T ,  CJ}. 
delayed by t h e  t i m e  i t  t a k e s  f o r  a i r  t o  r e a c h  t h e  t a i l  from t h e  wing: 
H e r e ,  C ~ T  is  t h e  wing a n g l e  of a t t a c k  
a = a ( t  - At) T 
aT 
A t  = - 
vA 
where aT i s  t h e  d i s t a n c e  between wing and t a i l  c e n t e r  of p r e s s u r e .  For 
s t e a d y  f l i g h t  CXT and a are equa l .  Values of  t h e  remaining parameters  of t h e  
t a i l  l i f t  model, C L ~ ~ ,  . . ., aOT, are  g iven  i n  r e f e r e n c e  4 .  
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The e l e v a t o r  i s  used t o  c o n t r o l  t h e  p i t c h i n g  moment ba l ance ,  g iven  by 
H e r e ,  CDR, CT are d imens ion le s s  engine  f o r c e s  
and 
These moment a r m s  are  computed from a nominal c e n t e r  of g r a v i t y  l o c a t i o n .  
Changes i n  t h i s  l o c a t i o n  w i t h  a i r c r a f t  weight are s m a l l  and can be neg lec t ed  
i n  computing t h e  t a i l  l i f t  and e l e v a t o r  s e t t i n g  f o r  trim. Equation (A9) can  
be  so lved  f o r  be and t h e  r e s u l t i n g  terms a r ranged  i n  t h r e e  p a r t s  t o  s e p a r a t e  
t h e  e f f e c t s  of dynamic r e a c t i o n s ,  engine  f o r c e s ,  and aerodynamic f o r c e s  and 
moments . 
aI,  a E ,  aT are t h e  moment arms of t h e  engine  and t a i l  l i f t  f o r c e s .  
6 e  = beD + 6 e E  + &eA 
6 e D  = ' 
CLT, 
A,T - -  
sW 
6eA = - (ccMWB + a c 
LWB - a D C D ~ ~ )  CL6esTaT c~~~ 
I n  t h e  p r e s e n t  a n a l y s i s  t h e  e l e v a t o r  s e t t i n g  f o r  s t e a d y  o r  v e r y  n e a r l y  
s t e a d y  f l i g h t  c o n d i t i o n s  a long  t h e  nominal p a t h  is  of i n t e r e s t  so t h a t  t h e  
dynamic t e r m  can be n e g l e c t e d  and then  t h e  e l e v a t o r  s e t t i n g  f o r  t r i m  i s  
6eT = beA(a,df,CJ) + 6 e E  ( A l l )  
The p r i n c i p a l  t e r m  i n  equa t ion  (Al l )  i s  b e A ,  which i s  a f u n c t i o n  of on ly  
{ci,Gf,Cj} and can be  c a l c u l a t e d  and t a b u l a t e d  over  t h e  s a m e  g r i d  f o r  which 
t h e  l i f t  and d r a g  c o e f f i c i e n t s  are g iven .  The r e s u l t s  are shown i n  f i g u r e  33 
and t a b l e  3 .  Ground e f f e c t s  (which are of a s i g n i f i c a n t  s i z e )  are omi t ted  
from 6 e A .  
The p h y s i c a l  l i m i t s  of e l e v a t o r  t r a v e l  (eq.  (A8)) l i m i t  t h e  r ange  of 
f o r  which t r i m  is  p o s s i b l e .  Under dynamic c o n d i t i o n s ,  t h e  e l e v a t o r  is  a l s o  
used t r a n s i e n t l y  t o  c o n t r o l  a t t i t u d e  and t h e r e f o r e  t h e  allowed trim s e t t i n g s  
must be  f u r t h e r  r e s t r i c t e d  w i t h i n  equa t ion  (A8) t o  p rov ide  a margin f o r  t h e  
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a t t i t u d e  c o n t r o l  f u n c t i o n .  For t h e  AWJSRA d e s i g n  t h i s  margin w a s  t aken  s imply  
as 8" and i t  w a s  found t h a t  t h e  c o n s t r a i n t s  on e l e v a t o r  usage had a lmost  no 
i n f l u e n c e  i n  e s t a b l i s h i n g  t h e  boundar ies  of  t h e  f l i g h t  envelope o r  t h e  range  
of a c c e p t a b l e  c o n f i g u r a t i o n s  a t  any f l i g h t  c o n d i t i o n  w i t h i n  t h e  envelope. 
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APPENDIX B 
SOLUTION OF THE TRIM EQUATIONS 
S o l u t i o n  of t h e  a i r c r a f t  t r i m  equa t ions  f o r  two c o n t r o l  v a r i a b l e s  is  
r e q u i r e d  e x t e n s i v e l y  i n  computing t h e  c o n f i g u r a t i o n  schedu le  and is proposed 
as p a r t  of t h e  Trimmap element  of t h e  f l i g h t - c o n t r o l  l o g i c  ( f i g s .  1, 2 ,  and 
l o ) .  
t h e  AWJSRA; t h i s  i s  expected t o  b e  t h e  case f o r  powered- l i f t  a i r c r a f t  gener- 
a l l y  so  t h a t  e f f i c i e n t  g e n e r a l  approaches t o  t h e  s o l u t i o n  of such e q u a t i o n s  
are of i n t e r e s t  i n  t h e  c o n t r o l  system des ign .  
These equa t ions  are non l inea r  and are  so lved  numer i ca l ly  i n  t h e  case of 
An exhaus t ive  g r i d  s e a r c h  procedure  w a s  used i n  t h i s  work and is  desc r ibed  
i n  t h i s  appendix.  This  method is  concep tua l ly  s imple ;  d a t a  d e f i n i n g  t h e  
aerodynamic and engine  f o r c e s  a re  assumed g iven  as t a b l e s  of v a l u e s  on a 
g r i d  of p o i n t s  cove r ing  t h e  domain of i n t e r e s t .  Table  i n t e r p o l a t i o n  i s  used 
t o  p rov ide  a p iecewise  l i n e a r  model on each p i e c e  of t h e  g r i d  and t h e s e  l i n e a r  
equa t ions  are so lved  p i e c e  by p i e c e  u n t i l  t h e  p i e c e  c o n t a i n i n g  t h e  s o l u t i o n  
i s  found o r  t h e  g r i d  i s  exhaus ted .  The e x i s t e n c e  of a s o l u t i o n  is  determined 
i n  a f i n i t e  number of s t e p s ,  and i t s  uniqueness  is  determined from p r o p e r t i e s  
of t h e  model d a t a .  
A l t e r n a t i v e  methods based on Newtonian i t e r a t i o n  w e r e  a l s o  i n v e s t i g a t e d .  
The classical  Newton method i s  s imple  and w e l l  known b u t  s u b j e c t  t o  a n  a r r a y  
of d i f f i c u l t i e s  i n  p r a c t i c e  a f f e c t i n g  bo th  r e l i a b i l i t y  and computa t iona l  
requi rements .  These d i f f i c u l t i e s  mot iva t e  t h e  m o d i f i c a t i o n s  found i n  a 
v a r i e t y  of quasi-Newton methods ( r e f .  13), such as t h e  Newton-Powell a lgo r i thm 
( r e f .  1 4 ) .  An advantage  of i t e r a t i v e  sea rches  i s  t h e i r  g e n e r a l  a p p l i c a b i l i t y ;  
t h e  same i t e r a t ive  procedure  a p p l i e s  t o  t h e  s o l u t i o n  f o r  any p a i r  of v a r i a b l e s  
i n  t h e  AWJSRA t r i m  equa t ion  and t o  s o l v i n g  t h e  trim equa t ion  f o r  any powered- 
l i f t  a i r c r a f t ,  i n c l u d i n g  c a s e s  where more than  two equa t ions  i n  two unknowns 
must b e  so lved ,  such as t h e  t i l t  r o t o r  a i r c r a f t  which r e q u i r e s  t h e  s o l u t i o n  
of e i g h t  equa t ions  i n  e i g h t  unknowns. The Powell  a lgo r i thm r e q u i r e s  l i t t l e  
more than  a user -suppl ied  f u n c t i o n  e v a l u a t i o n  subrou t ine .  I n  a d d i t i o n ,  t h e  
a d a p t i v e  s e a r c h  of a n  i t e r a t ive  scheme may converge i n  fewer s t e p s  on a d i s -  
t a n t  s o l u t i o n  than  t h e  r i g i d  g r i d  s e a r c h  p a t t e r n  of t h e  e x h a u s t i v e  g r i d  s e a r c h  
method, e s p e c i a l l y  i f  t h e  a i r c r a f t  model i s  n o t  s t r o n g l y  n o n l i n e a r .  
For f l i g h t  c o n t r o l  u se ,  impor tan t  p r o p e r t i e s  of t h e  t r i m  s o l u t i o n  algo-  
rithms are computation t i m e  and r e l i a b i l i t y .  The Powell  a l g o r i t h m  w a s  t e s t e d  
w i t h  t h e  AWJSRA model a f t e r  m o d i f i c a t i o n  t o  e n f o r c e  c o n s t r a i n t s  on t h e  s e a r c h  
domain. It  proved e f f i c i e n t  w i t h  convergence t o  a s o l u t i o n  i n  a few s t e p s  
f o r  a l l  cases t e s t e d .  However, methods of proving t h e  convergence of such 
a lgo r i thms  f o r  a l l  o p e r a t i o n a l  c o n d i t i o n s ,  g iven  t h e  a i r c ra f t  model, do n o t  
appear  t o  be  a v a i l a b l e .  Consequently,  t h e  exhaus t ive  g r i d  s e a r c h  procedure  
w a s  adopted f o r  t h e  p r e s e n t  c o n t r o l  system des ign .  Computation t i m e  r e q u i r e -  
ments are p r o p o r t i o n a l  t o  t h e  product  of t h e  t i m e  r e q u i r e d  f o r  each  s t e p  i n  a 
s e a r c h  and t h e  number of s t e p s  t o  converge on a s o l u t i o n .  An upperbound on 
computat ion t i m e  is  g iven  by t h e  case of s ea rch ing  f o r  a s o l u t i o n  when none 
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exists.  This  case w i l l  occu r  i n  p r a c t i c e  i n  t h e  absence  of  e x i s t e n c e  condi- 
t i o n s  t h a t  can b e  t e s t e d  b e f o r e  e n t e r i n g  t h e  a lgo r i thm.  When s o l u t i o n s  do 
ex is t ,  t h e  convergence rate o r  average  number of  s t e p s  t o  converge is  a prop- 
e r t y  of interest .  
For r e l i a b i l i t y ,  convergence of t h e  a l g o r i t h m  to  a s o l u t i o n ,  i f  i t  e x i s t s ,  
and c o r r e c t  s e l e c t i o n  of a s i n g l e  s o l u t i o n  i f  several ex i s t ,  are necessa ry  
p r o p e r t i e s .  I n  a d d i t i o n ,  such so f tware  p r o p e r t i e s  as i n s e n s i t i v i t y  t o  round- 
o f f  e r r o r ,  and r i s k  of programming e r r o r ,  which i n c r e a s e s  w i t h  t h e  complexi ty  
of t h e  a l g o r i t h m ' s  s t r u c t u r e ,  are r e l e v a n t .  
For convenience,  t h e  t r i m  equa t ions  f o r  t h e  AWJSRA are r e p e a t e d  h e r e  
where 
scalar f u n c t i o n s  of t h e  c o n t r o l  v a r i a b l e s  o r  of a u x i l i a r y  f u n c t i o n s  of  t h e  
c o n t r o l s  and a re  g iven  as t a b u l a t e d  d a t a  i n  appendix A. A fo l lowing  
s e c t i o n  of t h i s  appendix (Exhaus t ive  Grid Search  S o l u t i o n  Method) d e s c r i b e s  
exhaus t ive  g r i d  s e a r c h  a lgo r i thms  f o r  s o l v i n g  equa t ion  ( B l )  f o r  v a l u e s  of 
t h e  c o n t r o l  p a i r s ,  { a ,  v} and { a ,  6 f } ,  which y i e l d  t h e  commanded a p p l i e d  
s p e c i f i c  f o r c e s ,  (A,,,  AN^), g iven  t h e  v a l u e s  of a l l  remaining parameters  
i n  equa t ion  (Bl). Searches  over  one  and two-dimensional g r i d s  are used i n  
t h e  s o l u t i o n s .  These two a lgo r i thms  a re  s u f f i c i e n t  f o r  t h e  work desc r ibed  
i n  t h i s  paper  b u t ,  i n  g e n e r a l ,  s o l u t i o n s  o f  equa t ion  ( B l )  f o r  any p a i r  of 
v a r i a b l e s  among {Z, @, ii} are  of i n t e r e s t  i n  t h e  a n a l y s i s  of v a r i o u s  
performance problems. 
TH(NH/&, 6 ,  VA) ,  AE(NH/A, 61 ,  C D ( ~ ,  6 f ,  CJ), C L ( ~ ,  6 f ,  CJ) are 
Table  i n t e r p o l a t i o n  is r e q u i r e d  e x t e n s i v e l y  f o r  f u n c t i o n  e v a l u a t i o n  i n  
t h e s e  a lgo r i thms .  I n t e r p o l a t i o n  formulas  which are cont inuous  over  t h e  t a b l e  
domain are g iven  n e x t .  
Table  I n t e r p o l a t i o n  
The e v a l u a t i o n  of f u n c t i o n s ,  such as CL, CD, e t c . ,  by i n t e r p o l a t i o n  of 
s t o r e d  t a b u l a t e d  v a l u e s  i s  used r e p e a t e d l y  i n  t h e  t r i m  s o l u t i o n  a lgo r i thms .  
I n t e r p o l a t i o n  formulas  f o r  f u n c t i o n s  of t h r e e  v a r i a b l e s  are  g iven  below; 
those  f o r  f u n c t i o n s  of one o r  two v a r i a b l e s  f o l l o w  as s p e c i a l  cases. 
Assume t h a t  a t a b l e  of v a l u e s  of t h e  f u n c t i o n ,  f ( x ,  y ,  z ) ,  h a s  been 
s t o r e d  f o r  a l l  p o i n t s  i n  a g r i d  cove r ing  t h e  domain of i n t e r e s t ;  t h a t  i s ,  
t h e  set of  v a l u e s  
( f ( X i , y j , Z k ) ;  
Th i s  t a b l e  c o n t a i n s  
i = 1, 2 ,  . . ., Nx, j = 1, . . ., Ny,  k = 1, . . ., Nz 1 (B2)  
Nx NY N, v a l u e s  and t h e  g r i d  subd iv ides  t h e  domain 
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i n t o  (Nx - 1) (NY - 1 )  (N, - 1) box-shaped p i e c e s .  
The o r i g i n a l  f u n c t i o n  i s  approximated as p iecewise  l i n e a r  by i n t e r p o l a t -  
i n g  t h i s  t a b l e .  For a g iven  p o i n t ,  (x ,  y ,  z ) ,  i n  9 t h e  t a b l e  is  i n t e r p o l -  
l a t e d  i n  two s t e p s  as fo l lows .  F i r s t ,  l o c a t e  t h e  g r i d  p i e c e  c o n t a i n i n g  t h e  
p o i n t  (x ,  y ,  z ) ;  t h a t  i s ,  f i n d  
T h i s  is  e a s i l y  done by several methods; t h e  one used h e r e  i s  d e f i n e d  la ter  
i n  equa t ion  (B14) and is  e f f i c i e n t  i n  real  time s i m u l a t i o n  and c o n t r o l .  
Having found ( i ,  j ,  k) i t  i s  convenient  t o  d e f i n e  t h e  fo l lowing  v e c t o r  which 
l o c a t e s  t h e  p o i n t  (x ,  y ,  z )  re la t ive  t o  ( x i ,  y j ,  zk) and normal izes  t h e  
c o o r d i n a t e s  
T 
- i Y - Y j  = ( P x , P y . P z )  T x - x  
i 'j+i - y j  ' Z k+i - 'k i+ 1
- 
The c o o r d i n a t e s  of p are each numbers i n  [0 ,  1). For b r e v i t y ,  t h e  n o t a t i o n  
{ f o o o ,  f l o 0 ,  . . ., f , , , )  i s  adopted t o  r e f e r  t o  t h e  t a b u l a t e d  v a l u e s  of f 
a t  t h e  e i g h t  c o r n e r s  of t h e  g r i d  p i e c e :  ( x i ,  Y j ,  z k ) ,  (xi+,, y j ,  Zk),  . . ., 
(x i+ , ,  Y j + l '  'k+l)' 
Second, t h e  l i n e a r  approximation of f is  g iven  from t h e  u s u a l  t r u n c a t e d  
Taylor  series expansion of f about  ( x i ,  y j ,  z k ) :  
E ( ; )  = f o o o  + p - 
,-. 
The approximation,  f ,  i s  r e q u i r e d  t o  b e  cont inuous  and t o  match t h e  t a b u l a t e d  
v a l u e s .  However, t h e  o r i g i n a l  f u n c t i o n ,  f ,  is  i n  g e n e r a l  n o n l i n e a r ,  and i t s  
v a l u e s  a t  t h e  e i g h t  c o r n e r s  of t h e  g r i d  p i e c e  w i l l  n o t  f a l l - i n  a s i n g l e  
hyperp lane ,  s u c h A a s  e q u a t i o n  (B6a). Consequent ly ,  t o  o b t a i n  t h e  d e s i r e d  
p r o p e r t i e s  f o r  f i t  i s  necessa ry  t o  d e f i n e  hyperp lanes  by c a l c u l a t i n g  t h e  
g r a d i e n t  v e c t o r ,  Vf, from a d i f f e r e n t  set of f o u r  g r i d  p o i n t s  depending on 
t h e  l o c a t i o n  of p w i t h i n  t h e  g r i d  p i e c e s .  T h i s  i s  i l l u s t r a t e d  i n  s k e t c h  ( a )  
f o r  t h e  s imple r  case of a f u n c t i o n  of two v a r i a b l e s .  The r e c t a n g u l a r  domain 
i s  d iv ided  i n t o  two t r i a n g u l a r  p i e c e s  and t h e  g r a d i e n t  c a l c u l a t e d  from a 
d i f f e r e n t  set of t h r e e  g r i d  p o i n t s  i n  each t r i a n g l e  as noted  i n  t h e  s k e t c h .  
The r e s u l t i n g  f u n c t i o n  is  l i n e a r  i n  each t r i a n g l e  and cont inuous  a t  t h e i r  
common edge. I n  t h r e e  dimensions t h e  l i n e a r  approximat ion  becomes more 
complex and r e q u i r e s  s u b d i v i s i o n  of t h e  box-shaped domain i n t o  s i x  t e t r a h e d r a l  




[of];  = 
P Y  P X  
f (x. Y) 
I f01 / 
Sketch (a ) . -  L inear  i n t e r p o l a t i o n .  
I n t e r p o l a t i o n  formulas  o t h e r  than  e q u a t i o n s  (B6)  are a l s o  a v a i l a b l e  and 
have d i f f e r e n t  p r o p e r t i e s ;  f o r  example, s u b d i v i s i o n  of t h e  g r i d  p i e c e  as i n  
equa t ion  ( B 6 b )  is  avoided by adding t e r m s  i n  c ross -products  of {p , ,  p y ,  p , }  
from t h e  Taylor  series, which y i e l d s  
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+ PxPy( f l l0  - f a l o  - f l a a  + fooo) 
+ f  1 
+ PxPz(flOl - f o o l  - f l O O  0 0 0  
+ ~ y P z ( f 0 l l  - - + fooo) 
+ P , P y P z ( f l l l  - foil - f , o l  + f o o l  - f , . l o  + f o l a  + floe - f o o o )  
037) 
T h i s  fo rmula t ion  ex tends  t o  more than  t h r e e  v a r i a b l e s  by r e t a i n i n g  a l l  t e r m s  
t o  f i r s t  o r d e r  i n  {px, p y ,  p z ,  . . . }  from t h e  g e n e r a l  Taylor  series expansion 
( c f .  r e f .  15 ) .  
The l i n e a r  approximat ion  i n  equa t ions  (B6) works w e l l  f o r  f u n c t i o n s  of 
two v a r i a b l e s ,  i nc lud ing  t h e  i n v e r s i o n  of such f u n c t i o n s ,  b u t  equa t ion  (B6b) 
i s  d i f f i c u l t  t o  g e n e r a l i z e  t o  f o u r  o r  more v a r i a b l e s .  The q u a s i - l i n e a r  
approximation of equa t ion  (B7) has  worked e a s i l y  f o r  f u n c t i o n s  of two o r  t h r e e  
v a r i a b l e s ,  i nc lud ing  t h e i r  i n v e r s i o n .  For some a p p l i c a t i o n s ,  i t  i s  u s e f u l  
f o r  t o  have cont inuous  f i r s t  d e r i v a t i v e s  ove r  t h e  t a b l e  domain 9,  b u t  
t h a t  p r o p e r t y  w a s  n o t  r e q u i r e d  i n  t h e  p r e s e n t  work; equa t ion  (B7) has  d iscon-  
t i nuous  d e r i v a t i v e s  on t h e  s u r f a c e s  of t h e  g r i d  p i e c e s  wh i l e  equa t ions  (B6) 
h a s  d i scon t inuous  d e r i v a t i v e s  a l o n g  a l l  i n t e r i o r  boundary s u r f a c e s  impl ied  by 
equa t ion  (B6b) as w e l l  as on t h e  g r i d  p i e c e  s u r f a c e s .  
Exhaus t ive  Grid Search S o l u t i o n  Method 
SoZution fo r  nozz l e  and angle of attaek- The problem i s  t o  s o l v e  t h e  t r i m  
equa t ions  ( B l )  f o r  { a ,  v }  given t h e  v a l u e s  of a l l  remaining v a r i a b l e s  i n  t h e  
equa t ions .  I t  i s  convenient  t o  d e f i n e  t h e  q u a n t i t i e s  
I n  equa t ions  (B8), CD and CL are f u n c t i o n s  of a and are assumed t a b u l a t e d  
on a g r i d  of v a l u e s  
{ a i ,  i = 1, . . ., N,) 
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where a~~ corresponds  t o  s t a l l  o r  maximum CL. The t r i m  equa t ions  can  b e  
r ea r r anged  t o  i s o l a t e  t h e  n o z z l e  ang lq  i n  a s i n g l e  e q u a t i o n  by s u b s t i t u t i n g  
e q u a t i o n s  (B8) i n  t h e  t r i m  equa t ion ,  which becomes 
- T E = TH(cos(a -I- v ) , s i n ( a  + v ) )  
and then  i t  fo l lows  t h a t  
m 
v = a + tan-1 (-;) 
- 
Since  E depends on a on ly  and can  be t a b u l a t e d  f o r  t h e  g r i d  p o i n t s ,  { a i } ,  
equa t ion  ( B 9 )  can b e  so lved  numer i ca l ly  f o r  a a f t e r  which v i s  c a l c u l a t e d  
from t h e  c l o s e d  form expres s ion  i n  equa t ion  (B10). 
The problem of s o l v i n g  e q u a t i o n  ( B 9 )  i s  v i s u a l i z e d  i n  s k e t c h  ( b ) ,  which 
shows t h e  o p e r a t i n g  p o i n t  (Au ,  AN^) f o r  which trim v a l u e s  of { a ,  V I  are  
d e s i r e d ,  and t h e  l i n e  t r a c e d  o u t  by t h e  aerodynamic f o r c e s  
C 
No! o ! = o !  
AN 
Sketch (b) . -  S o l u t i o n  of e q u a t i o n  ( B 8 ) .  
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as a i s  v a r i e d  over  t h e  domain [al, a ~ ~ ] .  T h i s  l i n e  i s  c l o s e l y  r e l a t e d  
t o  t h e  CL - CD p o l a r s  (appendix A ) ;  i t  h a s  a n e a r - v e r t i c a l  s l o p e  and AN i s  
s t r i c t l y  i n c r e a s i n g  i n  a below t h e  s t a l l  a n g l e .  The s o l u t i o n  of equa- 
t i o n  (B9) i s  e q u i v a l e n t  t o  f i n d i n g  a* such t h a t  t h e  d i s t a n c e  from t h e  l i n e  
t o  t h e  o p e r a t i n g  p o i n t ,  IE(a*) I ,  matches t h e  r a t i o ,  TH/W; t h i s  i s  v i s u a l i z e d  
i n  t h e  s k e t c h  as t h e  i n t e r s e c t i o n  of t h e  l i n e  w i t h  a c i rc le  of r a d i u s  TH/W. 
I n  g e n e r a l ,  t h e r e  may be  no s o l u t i o n  ( t h e  l i n e  i s  e n t i r e l y  o u t s i d e  o r  i n s i d e  
t h e  c i r c l e ) ,  one s o l u t i o n  (one endpo in t  of t h e  l i n e  f a l l s  i n s i d e  t h e  c i r c l e ) ,  
o r  two s o l u t i o n s  as  i n  t h e  c a s e  ske tched  above. When two s o l u t i o n s  occur ,  
t h e  lower v a l u e  of a is  s e l e c t e d  i n  o r d e r  t h a t  t h e  r e s u l t i n g  nozz le  a n g l e  
f a l l  w i t h i n  t h e  hardware l i m i t s  on t h e  n o z z l e ,  [6",  104'1. The h ighe r  v a l u e  
of a corresponds  t o  a n e g a t i v e  v a l u e  of EN and t h i s  i m p l i e s  a n e g a t i v e  
nozz le  a n g l e  and downward d i r e c t e d  t h r u s t  v e c t o r  from equa t ion  (B10)  i n  
a lmost  a l l  cases. 
The numerical  s o l u t i o n  of equa t ion  (B9) is  cons ide red  i n  two p a r t s :  
f i r s t ,  a method i s  d e f i n e d  f o r  t e s t i n g  whether a g iven  i n t e r v a l  of t h e  a -g r id ,  
s ay  [ a i ,  a i + l ) ,  c o n t a i n s  t h e  s o l u t i o n ;  and,  second, a procedure  f o r  s e a r c h i n g  
t h e  i n t e r v a l s  of t h e  g r i d  is given.  
The i n t e r v a l  [ a i ,  a i+ ) can be  t e s t e d  as  f o l  
i a - a  - 
- a i  i+ 1 p a - a  
- 
Then E(a) i s  g iven  on [ a i ,  a i+l]  by: 
E ( a )  = Ei + AEipa 
ows . 
This  i s  s u b s t i t u t e d  i n  equa t ion  (B9) and t h e  r e s u l t i n g  
so lved  : 
Define  t h e  n o t a t i o n  
I 
q u a d r a t i c  i n  pa 
E 2 ) / n  E 2 
While t h e  q u a d r a t i c  has  two s o l u t i o n s  f o r  
g iven  i n  equa t ion  (B13), need be  t e s t e d  because t h e  l a r g e r  one cor responds  t o  
nozz le  s e t t i n g s  o u t s i d e  t h e  nozz le  hardware l i m i t s .  I f  t h e  c o n d i t i o n  
pg ,  on ly  t h e  smaller s o l u t i o n ,  
i s  s a t i s f i e d  by e q u a t i o n  (B13) t h e n  t h e  s o l u t i o n  occur s  i n  t h e  t e s t e d  i n t e r -  
v a l ,  [ a i ,  ai+l)  and is 
6 1  
Otherwise,  t h e  s o l u t i o n  e i t h e r  does n o t  e x i s t  o r  occu r s  i n  some o t h e r  i n t e r v a l  
of t h e  a -g r id .  
Each i n t e r v a l  of t h e  a -gr id  is  t e s t e d  as d e s c r i b e d  above u n t i l  e i t h e r  a 
s o l u t i o n  i s  found o r  t h e  g r i d  is  exhausted w i t h  no s o l u t i o n  i n  s t e p s .  
While t h e  g r i d  can  b e  searched  i n  any o r d e r  a minimum computation t i m e  s e a r c h  
o r d e r i n g  i s  d e s i r e d  f o r  real  t i m e  c o n t r o l  o r  s i m u l a t i o n  a p p l i c a t i o n s .  I f  a 
s o l u t i o n  e x i s t s ,  computation t i m e  i s  p r o p o r t i o n a l  t o  t h e  number of i n t e r v a l s  
t e s t e d  b e f o r e  f i n d i n g  t h e  s o l u t i o n  and can be  minimized, on t h e  ave rage ,  by 
t e s t i n g  i n t e r v a l s  i n  t h e  o r d e r  of t h e  l i k e l i h o o d  t h a t  t hey  c o n t a i n  t h e  so lu-  
t i o n .  For f l i g h t  c o n t r o l ,  s o l u t i o n s  a re  r e q u i r e d  every  c o n t r o l  c y c l e  and t h e  
expected v a l u e  of t h e  s o l u t i o n  cor responds  t o  t h e  nominal pa th  and i s  e i t h e r  
c o n s t a n t  o r  s lowly  va ry ing  w i t h  t i m e .  Consequently,  t h e  most probable  i n t e r -  
v a l  i s  t h e  same i n t e r v a l  i n  which i t  w a s  found f o r  t h e  p rev ious  c o n t r o l  c y c l e  
and p r o b a b i l i t y  d e c r e a s e s  w i t h  d i s t a n c e  from t h i s  i n t e r v a l .  The cor responding  
s e a r c h  o r d e r i n g  b e g i n s  i n  t h e  s a m e  i n t e r v a l ,  I ,  i n  which t h e  s o l u t i o n  w a s  
p r e v i o u s l y  found and expands t o  ne ighbor ing  i n t e r v a l s  ou t  t o  t h e  ends of t h e  
g r i d ;  t h a t  is ,  i n  t h e  o r d e r  {I f k l  genera ted  as  k v a r i e s  i n  t h e  e x p r e s s i o n  
N a - 1  
I - k  k = l , .  . . , I - 1  
I + k  k = l , .  . . , N , - I - l  
i = {  
The maximum computation t i m e  r e q u i r e d  w i t h  t h i s  s e a r c h  procedure  occur s  
when a l l  i n t e r v a l s  must be  searched  and is  p r o p o r t i o n a l  t o  N, - 1. Thi s  
worst-case time i s  minimized by minimizing t h e  number of g r i d  p o i n t s  i n  t h e  
a -gr id  used i n  t h e  aerodynamic model w i t h i n  t h e  l i m i t s  imposed by t h e  d e s i r e d  
model accuracy .  
SoZution for throttZe and angle of attack- The problem i s  t o  s o l v e  t h e  
t r i m  equa t ions  f o r  {a, 6 t )  g iven  t h e  v a l u e s  of a l l  remaining v a r i a b l e s  i n  
t h e s e  equa t ions .  The a p p l i e d  a c c e l e r a t i o n  due t o  engine  and aerodynamic 
f o r c e s  i s  expressed  as a f u n c t i o n  of (a, Nc) by 
Here, Nc 
s o l v e  f o r  Nc i n  p l a c e  of t h r o t t l e  s i n c e  t h e  engine  o u t p u t  i s  t a b u l a t e d  i n  
appendix A f o r  t h i s  parameter  on t h e  g r i d  
deno tes  t h e  c o r r e c t e d  engine  power, NH/&.  It i s  convenient  t o  
The t h r o t t l e  s e t t i n g  cor responding  t o  any v a l u e  of Nc i s  then g iven  from 
f i g u r e  30. 
a c c e l e r a t i o n  (Auc, AN,) o r ,  f o r  b r e v i t y ,  a,, i s  ob ta ined ;  t h a t  i s ,  s o l v e  
The problem i s  now t o  de te rmine  (a*, N:) such t h a t  the  commanded - 
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- 
a(a,Nc) = ZC 
The a p p l i e d  a c c e l e r a t i o n ,  Z(a, Nc), can  b e  t a b u l a t e d  f o r  v a l u e s  of 
(a, N,) i n  t h e  g r i d s  used f o r  t h e  a i r c r a f t  and eng ine  models.  
t h e  table 
Th i s  y i e l d s  
- 
{ Z i j  - = a ( u i , N c j )  i = 1, . . ., N,, j = 1, . . ., NNc 1 (B17) 
- 
O n  a g r id -p iece  of t h e  domain, s a y  [ a i ,  a i + l ]  8 [ N c j ,  Ncj+l],  a 
from t h e  l i n e a r  i n t e r p o l a t i o n  formula (B5) as 
is  g iven  
where 
- N c  - N C j  
PNc - N c j + l  - N C j  
Using e q u a t i o n s  (B6), t h e  Jacob ian  is  g iven  by t h e  2 x 2 matrices 
The problem of s o l v i n g  e q u a t i o n  ( B 1 6 )  i s  v i s u a l i z e d  i n  s k e t c h  ( c ) .  Equa- 
t i o n s  (B17) and (B18) map v a l u e s  of (a, Nc) i n t o  v a l u e s  of (Au, AN) and t h i s  
map i s  shown i n  t h e  s k e t c h  f o r  t h e  g r i d  l i n e s  of t h e  t a b u l a t e d  model. The 
mapping d i f f e r s  depending on c o n f i g u r a t i o n ;  i n  t h e  conven t iona l  c o n f i g u r a t i o n  
and f o r  CTOL a i r c r a f t  g e n e r a l l y  t h e  e f f e c t s  of t h e  engine  power and a n g l e  of 
a t t a c k  are  n e a r l y  o r thogona l  and AN(a, N,) is  n e a r l y  independent  of engine  
power. Consequently,  t h e r e  i s  l i t t l e  coup l ing  between t h e  two equa t ions  and 
t h e  normal a c c e l e r a t i o n  e q u a t i o n  can be so lved  approximate ly  f o r  a*. However, 
i n  t h e  powered- l i f t  c o n f i g u r a t i o n ,  AN(", N,) depends s t r o n g l y  on engine  power, 
bo th  from t h r u s t  v e c t o r i n g  and l i f t  augmentat ion,  and a* can  no longe r  be  
so lved  s e p a r a t e l y  from N g .  Neve r the l e s s ,  t h e  s o l u t i o n  of equa t ion  (B16), i f  
i t  e x i s t s ,  is  unique  a t  a l l  f l i g h t  c o n d i t i o n s  and c o n f i g u r a t i o n s  i n  t h e  d e s i g n  
domain based on t h e  model p r o p e r t i e s :  
1. AN(a, Nc) i s  monotonic and s t r i c t l y  i n c r e a s i n g  i n  a and N, 
2 .  Au(a, Nc) i s  monotonic and s t r i c t l y  i n c r e a s i n g  i n  N, a long  any 















Sketch ( c ) . -  A c c e l e r a t i o n  map f o r  ( a ,  "). 
The numerical  s o l u t i o n  of equa t ion  (B16) i s  cons ide red  i n  two p a r t s ;  
f i r s t ,  a method of t e s t i n g  whether a g iven  g r i d  p i e c e  c o n t a i n s  t h e  s o l u t i o n  
i s  g iven  and then  a procedure  f o r  s ea rch ing  t h e  p i e c e s  of t h e  two-dimensional 
g r i d  i s  g iven .  
A g r i d  p i e c e ,  s a y  [ a i ,  a i + l I  C3 [Ncj ,  N c j + l l ,  c an  be  t e s t e d  t o  de te rmine  
i f  i t  c o n t a i n s  t h e  s o l u t i o n  by s o l v i n g  equa t ion  ( B 1 8 )  
This  s o l u t i o n  i s  c a l c u l a t e d  once f o r  each Jacob ian  g iven  i n  equa t ion  (B19). 
The r e s u l t  i n  equa t ion  (B20) g i v e s  t h e  s o l u t i o n  of equa t ion  (B16) i f  i t  
s a t i s f i e s  t h e  necessa ry  and s u f f i c i e n t  c o n d i t i o n s  
o r  
depending on which of t h e  two g r a d i e n t s  i n  equa t ion  (B19) w a s  used. I f  t h e s e  
are  s a t i s f i e d ,  then  t h e  s o l u t i o n  i s  
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Each p i e c e  of t h e  g r i d  i s  t e s t e d  u n t i l  e i t h e r  a s o l u t i o n  i s  found o r  t h e  
g r i d  i s  exhausted w i t h  no s o l u t i o n  i n  (Na - 1) * ( N N ~  - 1) s t e p s .  A search 
o rde r ing  which is  e f f i c i e n t  i n  real-time u s e  i s  de f ined  nex t  by ex tens ion  of 
equa t ion  (B14) t o  two dimensions.  Th i s  o r d e r i n g  tests g r i d  p i e c e s  approxi-  
mate ly  i n  t h e  o r d e r  of t h e i r  p r o b a b i l i t y  of c o n t a i n i n g  t h e  s o l u t i o n ;  t h a t  i s ,  
i t  beg ins  a t  t h e  g r i d  p i e c e  (I, J) i n  which t h e  s o l u t i o n  w a s  found f o r  t h e  
preceding  c o n t r o l  c y c l e ,  and expands o u t  t o  t h e  ends of t h e  two-dimensional 
g r i d ,  t e s t i n g  groups of g r i d  p i e c e s  which frame t h e  s t a r t i n g  p i e c e  (I,  J) a t  
each s t e p .  The g r i d  p i e c e s  i n  each  frame are assumed t o  be  e q u a l l y  l i k e l y  t o  
c o n t a i n  t h e  s o l u t i o n .  The i n d i c e s  f o r  t h e  g r i d  p i e c e s  i n  t h e  k t h  such frame 
( s e e  s k e t c h  ( a ) )  are enumerated i n  equa t ion  ( B 1 2 )  f o r  each of t h e  f o u r  s i d e s  
of t h e  frame;  g r i d  p i e c e s  and s i d e s  which are o u t s i d e  t h e  model domain are 
d e l e t e d  from t h e  enumeration by t h e  extremes p laced  on i, j, and k. 
MODEL DOMAIN AND / GRIDLINES 
N C  
k = 0 
k = l  
k = 2  
(GRID PIECE I ,  J) 
0 
Sketch (d) . -  Two-dimensional g r i d  s ea rch  p a t t e r n .  
(1 - k , j )  k < I  j = jmin,jmin + 1, - * -3jmax 
(1 + k , j )  k < N , - I  jmin 
(',J + k - 1) k < N - J 
j m a x  
( i , J  - k) k < J  . bin = max{l , I  - k + 1) 
= max{l ,J  - k}; 
= min{NNC - 1,J + k} 
{ ' i9 j ) ) (k)  = 
c1 i = imin,imin + 1, . . .,imax I imax = min{N, - 1,1 + k - 1) 
The s e a r c h  proceeds ,  t ak ing  k = 0, 1, 2 ,  . . ., u n t i l  a s o l u t i o n  i s  found 
o r  t h e  g r i d  i s  exhausted a f t e r  (Na - 1) 
t e s t e d .  Th i s  s ea rch  o rde r ing  i s  a p p l i c a b l e  t o  t h e  s o l u t i o n  of any f u n c t i o n  
of two v a r i a b l e s .  
( N N ~  - 1) g r i d  p i e c e s  have been 
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APPENDIX C , 
CONTROL MARGIN AND CONFIGURATION SCHEDULE COMPUTATIONS 
Computation of  Con t ro l  Margin 
Con t ro l  margin is a measure of t h e  a c c e l e r a t i o n  c a p a b i l i t y  a v a i l a b l e  t o  
r e g u l a t e  p a t h  e r r o r s  by v a r y i n g  t h e  feedback  c o n t r o l s  around t h e i r  t r i m  v a l u e s  
a s s o c i a t e d  w i t h  t h e  nominal f l i g h t  c o n d i t i o n .  Con t ro l  margin qepends s t r o n g l y  
on c o n f i g u r a t i o n  and appea r s  i n  t h e  c o n f i g u r a t i o n  schedu le  des ign  both  as a 
c o n s t r a i n t  on a c c e p t a b l e  c o n f i g u r a t i o n s  and as a parameter t o  qe opt imized .  
S e v e r a l  d i f f e r e n t  c o n t r o l  margins 
w e r e  de f ined  i n  t h e  t e x t  a s s o c i a t e d ,  r e s p e c t i v e l y ,  w i th  t h e  u s e , o f  t h r e e  
c o n t r o l s  f o r  r e g u l a t i o n  and wi th  v a r i o u s  p a i r s  of c o n t r o l s .  The s u b s c r i p t s  
i n  t h e  n o t a t i o n  i n d i c a t e  t h e  c o n t r o l s  h e l d  f i x e d  i n  each case .  Cont ro l  margin 
w a s  de f ined  as fo l lows .  The a c c e l e r a t i o n  c a p a b i l i t y  of t h e  r e g u l a t o r ,  g iven  
& f ,  vE, P3 is 
dGf(vE,P)  = { ( ~ ( V E Y P , ~ )  AN(VE,P,U)): a € d R E G y G t  E % E G ~ V  ExREG 1 (CI) 
where a c c e l e r a t i o n s  are gene ra t ed  us ing  t h e  a i r c r a f t  model ( e q . ( 9 ) ) .  Next, 
d e f i n e  t h e  r e g i o n  enc losed  by e l l i p s e s  w i t h  5-to-1 a x e s  r a t i o s  and c e n t e r e d  
a t  Z 
The c o n t r o l  margin i s  then t h e  l a r g e s t  such e l l i p s e  t h a t  can be i n s c r i b e d  
Con t ro l  margin i s  computed i n  t h r e e  s t e p s  and t h e s e  are o u t l i n e d  below 
d 6 f , v ,  d s f , b t ,  1. Genera te  t h e  envelope of &Gf(vE, p) ( o r  of 4 S f  , a )  
2. Determine i f  (A,,,  AN^) i s  i n s i d e  p) ( o r  i n s i d e  J % f , V ,  
e t c . )  
3 .  I f  i t  i s ,  c a l c u l a t e  CMgf(x, p) (or  C M G ~ , , ,  e t c . )  
The a c c e l e r a t i o n  envelope i n  s t e p  1 i s  gene ra t ed  approximate ly  as a 
polygon. The end p o i n t s  of the  s i d e s  of the  polygon a r e  computed as a set  of 
p o i n t s  {(b, AN)i} on t h e  envelope cor responding  t o  a sequence of v a l u e s  of 
t h e  c o n t r o l s  { i i }  t h a t  form a g r i d  cove r ing  t h e  r e g u l a t o r  regime. For 
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convenience i n  l a te r  c a l c u l a t i o n s ,  t h e s e  p o i n t s  are gene ra t ed  i n  a c lockwise  
manner around t h e  envelope and t h e  c o n t r o l s  c u i )  must b e  t aken  i n  a d e f i n i t e  
sequence i n  o r d e r  t o  do so.  The r e q u i r e d  computat ions are then  
1. Const ruc t  g r i d s  of v a l u e s  of t h e  c o n t r o l s ,  a, 6,, w, cover ing  t h e i r  
i - 1  
v i  = Vmin + (‘ma, - v m i n ) n  J 
2.  Genera te  and s t o r e  v a l u e s  of ( A u ( V ~ ,  p ,  u t ) ,  AN(VE, p ,  u i ) )  i n  t h e  
fo l lowing  o r d e r :  
The envelope ,  d s f ( V ~ ,  p ) ,  now c o n s i s t s  of 6n p o i n t s  { (Aui ,   AN^), 
i = 1, . . ., 6n)  w i t h  s u c c e s s i v e  p o i n t s  connected by s t r a i g h t  l i n e s .  A 
t y p i c a l  d 6 f  i s  shown i n  f i g u r e  35. The envelopes ,  d 6 f , b t ,  d 6 f , v ,  d 6 f , a ,  
a r e  genera ted  s i m i l a r l y  excep t  t h a t  ano the r  c o n t r o l  i n  a d d i t i o n  t o  f l a p  i s  
he ld  f i x e d ,  and t h i s  r educes  t h e  number of p o i n t s  t o  4n. 
A s imple  geometr ic  c r i t e r i o n  can  be  used t o  de te rmine  whether t h e  g iven  
o p e r a t i n g  p o i n t  (AU,,  AN^) i s  i n s i d e  t h e  envelope ( s t e p  2 of t h e  computa t ions) .  
L e t  {pi, i = 1, . . ., 6n)  r e f e r  t o  t h e  p o i n t s  genera ted  i n  s t e p  1 t o  d e f i n e  
t h e  f i g u r e ,  and l e t  0 i  b e  t h e  a n g l e  subtended a t  t h e  o p e r a t i n g  p o i n t ,  pc ,  





and then  
pc E d IFF C O i  = 27~ 
- 
pc 4 d IFF c ei  = o 
- 
Assuming pc i s  i n  d,  t h e  c o n t r o l  margin can  now b e  c a l c u l a t e d .  The 
problem of c a l c u l a t i n g  t h e  l a r g e s t  e l l i p s e  of t h e  form given  i n  equa t ion  ( C 2 ) ,  
w i t h  c e n t e r  a t  (Aut, AN,) which can  be i n s c r i b e d  i n  t h e  envelope,  si', gener- 
a t e d  by t h e  p o i n t s  {(Aui,  AN^)) is  e q u i v a l e n t  t o  f i n d i n g  t h e  r a d i u s  of t h e  
l a r g e s t  c i r c l e  c e n t e r e d  a t  (5Auc,  AN^) which can b e  i n s c r i b e d  i n  t h e  envelope  
.ai'', genera ted  by t h e  p o i n t s  {(5Aui,   AN^)). 
is '  w i l l  r e f e r  t o  p o i n t s  (5Au, AN). The c o n t r o l  margin i s  c a l c u l a t e d  as t h e  
smallest d i s t a n c e  from t h e  o p e r a t i n g  p o i n t  t o  any one of t h e  s i d e s  of 
t h e  polygon .d', as desc r ibed  nex t .  
For s i m p l i c i t y ,  t h e  n o t a t i o n  
L e t  L i  b e  t h e  l i n e  segment forming t h e  i t h  s i d e  of  t h e  envelope.  The 
minimum d i s t a n c e ,  R i ,  from t h e  p o i n t ,  E:, t o  t h i s  segment i s  t h e  pe rpend icu la r  
d i s t a n c e  t o  t h e  segment i f  t h e  i n t e r s e c t i o n  of t h e  pe rpend icu la r  occur s  w i t h i n  
L i .  Otherwise,  i t  is  t h e  lesser of  t h e  d i s t a n c e s  t o  t h e  end p o i n t s  of L i .  
To c a l c u l a t e  R i  f i r s t  d e f i n e  u n i t  v e c t o r s ,  u ,  n a long  and normal t o  t h e  
l i n e  segment Li ( s e e  f i g .  3 7 ) .  
- -  
- 
- 1  
- Pi+l - P i  T u = -  = (cos  a , s i n  0 )  
T n = ( s i n  o,-cos a) 
Then t h e  l i n e  segment, L i ,  can  be g iven  as 
- 
where 01 measures t h e  d i s t a n c e  a long  u from t h e  p o i n t ,  Ff. The perpendicu-  
l a r  from FA i n t e r s e c t s  t h e  e x t e n s i o n  of L i  a t  
- - 
ai = (5; - p i )  u 
and then  t h e  minimum d i s t a n c e  t o  L i  i s  
- 
P i  I If ai G 0 
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F i n a l l y ,  t h e  c o n t r o l  margin is  t h e  s m a l l e s t  such  d i s t a n c e  among the s i d e s  of 
t h e  polygon 
CM(pc) 2 min{Ri, i = 1, . . ., N) 
Admissible  F lap  S e t t i n g s  
The f l a p  schedu le  w a s  c a l c u l a t e d  e m p i r i c a l l y  by de termining  t h e  range  of 
a c c e p t a b l e  f l a p  s e t t i n g s  a t  each f l i g h t  c o n d i t i o n  and s e l e c t i n g  t h e  maximum 
such s e t t i n g .  The computa t iona l  s t e p s  r e q u i r e d  are desc r ibed  below; they  
u t i l i z e  t h e  p rev ious ly  de f ined  trim s o l u t i o n  and c o n t r o l  margin a lgo r i thms  as 
w e l l  as t h e  c o n s t r a i n t  l i s t  from t h e  tex t .  
1. Define g r i d s  { V E ~ } ,  {Auj) and {6 f i )  which cover  t h e  des ign  r anges  
of i n t e r e s t  f o r  VE,  and 6 f  g iven  i n  zo,G&o. 
2. Genera te  and s t o r e  a c c e l e r a t i o n  envelopes f o r  t h e s e  g r i d s  
The s t anda rd  parameter  v a l u e s ,  ps, are used.  
- 
3 .  For each v a l u e  of x i n  t h e  set  g iven  by 
de termine  those  6 f  i n  (6 } f o r  which 
f!L 
CM6f(?,ps) > 0.25 g 
and a t  l eas t  one t r i m  s o l u t i o n  e x i s t s  s a t i s f y i n g  t h e  remaining c o n s t r a i n t s .  
This  i s  done by enumerating s o l u t i o n s  f o r  a g iven  t h r o t t l e  g r i d  cover ing  i t s  
permi t ted  range  and e v a l u a t i n g  t h e  c o n s t r a i n t  f u n c t i o n s  { f i ( x ,  p,,  u ) }  l i s t e d  
i n  t h e  t e x t  ( f i g .  15 ) .  
- 
These s t e p s  produced t h e  p r i n c i p a l  e m p i r i c a l  d a t a  on which t h e  schedule  
w a s  based;  t h a t  i s ,  t h e  a c c e p t a b l e  range  a t  each p o i n t  i n  a g r i d  cover ing  a 
subregion  of t h e  des ign  f l i g h t  r e g i m e , z 0 ,  go, given  by 
- 
AN = 1, p = Fs 
The f l a p  schedu le  w a s  s e l e c t e d  approximate ly  as t h e  maximum a c c e p t a b l e  f l a p  
a t  each p o i n t  and a schedule ,  which is  a f u n c t i o n  of o n l y  two v a r i a b l e s ,  
F n ( V ~ ,  AU), is  produced. S t ep  3 is  repea ted  a t  o t h e r  AN i n  a g r i d  (ANk} 
cover ing  t h e  des ign  range  of 
envelope f o r  t h e  schedule  can b e  u s e f u l l y  maximized by e i t h e r  a d j u s t i n g  t h e  
AN t o  de te rmine  i f  t h e  a c c e p t a b l e  f l i g h t  
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schedu le  o r  i n c l u d i n g  AN as an independent  v a r i a b l e .  S i m i l a r l y ,  s t e p s  2 
and 3 are r e p e a t e d  over  a g r i d  (pm} cove r ing  Po t o  de te rmine  i f  p should 
be a n  independent  v a r i a b l e  i n  t h e  f l a p  schedule .  
- 
Optimum Nozzle Schedule  
The optimum nozz le  schedu le  w a s  determined e m p i r i c a l l y  by c a l c u l a t i n g  
t h e  range  of a c c e p t a b l e  nozz le  v a l u e s  a t  each  f l i g h t  c o n d i t i o n  and a t  t h e  
scheduled f l a p  s e t t i n g  f o r  t h a t  f l i g h t  c o n d i t i o n ,  and then  s e l e c t i n g  t h e  
v a l u e  w i t h  t h e  maximum f ixed-nozz le  r e g u l a t o r  c o n t r o l  margin 
An opt imized t h r o t t l e  s chedu le  f o r  maximum f i x e d - t h r o t t l e  c o n t r o l  margin,  
CM6f,6t(x, p) can  b e  c a l c u l a t e d  ana logous ly .  The r e q u i r e d  computa t iona l  s t e p s  
are desc r ibed  below; they  u t i l i z e  t h e  p r e v i o u s l y  d e f i n e d  t r i m  s o l u t i o n  and 
c o n t r o l  margin a lgo r i thms  (appendix B ) ,  t h e  c o n s t r a i n t  l i s t  from t h e  t e x t  
( f i g .  15 ) ,  and t h e  f l a p  schedule ,  Fk (VE, Au) . 
CM6f,v(2, 5) .  
- 
1. Def ine  g r i d s  { V E ~ } ,  {A,.},  AN^) and {vn} which cover  t h e  des ign  
ranges  f o r  VE,  A,, AN and v J in  Eo, a0. 
2. Genera te  and s t o r e  f ixed-nozz le  a c c e l e r a t i o n  envelopes  f o r  t h e s e  g r i d s  
- 
i s  taken  from t h e  
6fi, j 
where t h e  s t a n d a r d  parameter  v a l u e s  ps are  used and 
t h e  f l a p  schedule ,  6 f i , j  = F"(VE Au.) .  i' J 
- 
3. For each v a l u e  of x i n  t h e  g r i d ,  c a l c u l a t e  t h e  t r i m  s o l u t i o n s  
corresponding t o  
meters 
range of nozz le  s e t t i n g s  f o r  which t r i m  s o l u t i o n s  e x i s t ,  t h e  s u b s e t  of t h i s  
range f o r  which they  are a c c e p t a b l e ,  -and t h e  a c c e p t a b l e  nozz le  ang le  having 
maximum c o n t r o l  margin,  v;'. 
{vn}, and t h e  cor responding  v a l u e s  of t h e  c o n s t r a i n t  para-  
{ f i ( % ,  Ps, E} and c o n t r o l  margin,  CM6f,v(x, ps). These d a t a  g ive  t h e  
These s t e p s  produced t h e  e m p i r i c a l  d a t a  from which t h e  schedule ,  v* (x ) ,  g iven  
i n  t h e  t e x t  w a s  de f ined .  These d a t a  a re  a l l  taken  a t  t h e  s t anda rd  parameter  
v a l u e s  ps, b u t  s t e p s  2 and 3 can  be r e p e a t e d  over  a g r i d  {pm> cover ing  go 
t o  de te rmine  i f  t h e  a c c e p t a b l e  f l i g h t  envelope of t h e  schedu le  can be  u s e f u l l y  
maximized by i n c l u d i n g  p as an  independent  v a r i a b l e  i n  t h e  f l a p  schedule .  
- 
- 
The e f f e c t s  of off-nominal parameter  v a l u e s  on t h e  f l i g h t  envelope 
boundar ies  are s i g n i f i c a n t  s i n c e  t h e  STOL approach a t t e m p t s  t o  e x p l o i t  t h e  
margins  of t h e  a c c e p t a b l e  f l i g h t  envelope,  p a r t i c u l a r l y  
However, a s tudy  of t h e s e  e f f e c t s  and t h e  p o s s i b i l i t i e s  f o r  maximizing t h e  
a c c e p t a b l e  envelope f o r  t h e  des igned  schedu le  by i n c l u d i n g  t h e  parameters  as 
independent  v a r i a b l e s  w a s  o u t s i d e  t h e  scope of t h e  p r e s e n t  e f f o r t .  
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APPENDIX D 
ATTITUDE AND ATTITUDE RATE COMMANDS AND STABILITY AXIS 
SPECIFIC FORCE COMMANDS 
The a t t i t u d e  and a t t i t u d e  rate commands a s s o c i a t e d  w i t h  t h e  execu t ion  of 
t h e  a c c e l e r a t i o n  commands and t h e  nominal p a t h  are c a l c u l a t e d  i n  t h e  trim map 
as  i n d i c a t e d  i n  f i g u r e  25. The E u l e r  a n g l e  a t t i t u d e  commands, (a, 0 ,  Y )  and 
body axis rate commands (p ,  q ,  r )  can  b e  c a l c u l a t e d  from t h e  v a l u e s  of t h e  
a n g l e s  {a, 6, QV, y ,  Y,) and t h e i r  ra tes  f o r  t h e  nominal p a t h  and a c c e l e r a t i o n  
commands, as d e r i v e d  i n ' t h i s  appendix.  I n  a d d i t i o n ,  t h e  Trimmap r e q u i r e s  t h e  
t r ans fo rma t ion  of t h e  i n p u t  a c c e l e r a t i o n  commands t o  s t a b i l i t y  axis  components 
of t h e  a p p l i e d  s p e c i f i c  f o r c e .  T h i s  t r ans fo rma t ion  w a s  g iven  i n  t h e  t e x t  
(eqs .  ( 5 ) - ( 7 ) )  assuming z e r o  s t e a d y - s t a t e  s i d e s l i p  a n g l e .  A more g e n e r a l  
fo rmula t ion  f o r  t h e  case of nonzero s i d e s l i p  is  de r ived  i n  t h i s  appendix.  
A t t i t u d e  Commands 
The n o t a t i o n  TAB w i l l  denote  t h e  t r ans fo rma t ion  of v e c t o r s  r e f e r r e d  
t o  axes A i n t o  v e c t o r s  r e f e r r e d  t o  axes  B .  The axes  of i n t e r e s t  h e r e  are i n e r -  
t i a l  o r  runway ( r ) ,  p a t h  ( p ) ,  s t a b i l i t y  ( s ) ,  and body ( b ) .  
The a t t i t u d e  of t h e  a i r c r a f t  body axes  w i t h  r e s p e c t  t o  i n e r t i a l  a x e s  i s  
g iven  by t h e  s t a n d a r d  Eu le r  a n g l e s ,  @, 0,  Y,  measured by gyros  on t h e  a i r c r a f t .  
The cor responding  t r ans fo rma t ion  i s  ( r e f .  10) 
I cos 0 cos  Y cos 0 s i n  Y - s i n  0 0 s i n  0 cos Y - cos  0 s i n  Y s i n  0 s i n  0 s i n  Y + cos  0 cos  Y s i n  @ cos  0 0 s i n  0 cos Y + s i n  0 s i n  Y cos 0 s i n  0 s i n  Y - s i n  0 cos 0 cos @ cos  0 
This  can a l s o  b e  expressed  i n  t h e  form of a sequence of r o t a t i o n s  about  a 
s i n g l e  axis  ( r e f .  10 )  
where t h e  s u b s c r i p t  i n d i c a t e s  t h e  axis  about  which t h e  r o t a t i o n  occur s  I 
7 1  
. ... . . . ,. . . I-.---..- 
L (x)  z 0 c o s  x s i n  x 1 r o  0 - s i n  x cos O I  x 
cos x 0 -sin x 
[si: x 0 co: .] L2(x)  1 [ co; x si, x H ] 
L3(x) E - s i n  x cos x 
Express ions  f o r  t h e  Eu le r  a n g l e s  can b e  g iven  i n  terms of t h e  a n g l e s  { a ,  B ,  
yV, y} by equa t ing  e q u a l  t r ans fo rma t ions  between i n e r t i a l  and body axes 
Tbr = T T T (D3) b s  s p  p r  
- 
The t r ans fo rma t ion  t o  p a t h  axes  is  d e f i n e d  from t h e  a i r  v e l o c i t y  v e c t o r  
u s i n g  equa t ion  ( 6 )  of t h e  t e x t  
VA 
T = L2(Y)L3(YV) ( D 4 )  
P r  
The t r ans fo rma t ion  from s t a b i l i t y  a x e s  t o  body axes i s  s imply 
The remaining t r ans fo rma t ion  from s t a b i l i t y  t o  p a t h  a x e s  i s  de f ined  w i t h  t h e  
a i d  of s k e t c h  ( e ) .  
(u)  and normal t o  i t  w i t h  iii and i n  t h e  h o r i z o n t a l  and ve r t i ca l  p l a n e s ,  
r e s p e c t i v e l y .  The - s t a b i l i t y  axes {TS, Ts, ES} are ,  r e s p e c t i v e l y ,  a long  t h e  
p r o j e c t i o n  of VA i n  t h e  body p lane  of symmetry (zb,  j b ) ,  a long  t h e  body wing 
The p a t h  axes {u ,  - E, E} are a long  t h e  a i r  v e l o c i t y  v e c t o r  
Sketch  (e).- S t a b i l i t y  and p a t h  axes .  
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a x i s  jb ,  and i n  t h e  p l ane  of symmetry normal t o  is. The s t a b i l i t y  a x e s  are 
ob ta ined  from p a t h  a x e s  by f i r s t  r o t a t i n g  about t h e  a i r  v e l o c i t y  v e c t o r  d i r e c -  
t i o n  u ,  through t h e  a n g l e  Qv, and then about  t h e  ks a x i s  through t h e  s i d e -  
s l i p  a n g l e  
- 
@, i n  a le f t -handed  d i r e c t i o n .  
The a t t i t u d e  commands can t h e r e f o r e  be  c a l c u l a t e d  from t h e  remaining f i v e  
a n g l e s .  I n  t h e  Trimmap, cxc i s  ob ta ined  from t h e  trim s o l u t i o n  a lgo r i thm,  Bc 
is  u s u a l l y  taken as zero b u t  can  be nonzero i n  t h e  case of decrabbed f l i g h t  
so  is  r e t a i n e d  h e r e  f o r  g e n e r a l i t y ,  Qvc i s  one of t h e  c y l i n d r i c a l  c o o r d i n a t e s  
of t h e  t o t a l  a c c e l e r a t i o n  - command, and ( y ,  Yv) are  g iven  by t h e  commanded a i r  
v e l o c i t y  v e c t o r ,  VAG. 
To d e r i v e  formulas  f o r  t h e  Eu le r  a n g l e s ,  r e p r e s e n t  t h e  e lements  of t h e  
m a t r i x  on t h e  r igh t -hand s i d e  of equa t ion  (D7) as [ a i - ]  and then ,  u s ing  
equa t ion  (Dl) o b t a i n  J 
Tr TI - < @ < -  
2 2 
o r ,  f o r  computa t iona l  convenience 
-1 a 2 3  
Q = s i n  ____ 
cos  0 
The r e q u i r e d  t e r m s  f o r  t h e  c a l c u l a t i o n  of t h e  E u l e r  a n g l e s  are 
- cos  COS B s i n  y + s i n  B s i n  @v cos y ]  - s i n  a cos  @v cos y a 1 3  - - 
aZ3  = - s i n  B s i n  y + c o s  6 s i n  @v cos y 
a33  = - s i n   COS B s i n  y + s i n  6 s i n  @v cos y) + c o s  cx c o s  9, cos  y 
a = s i n  \Y [cos  cx s i n  B cos  @v - s i n  a s i n  11 V 
+ cos  Yv[cos  COS B cos  y - s i n  6 s i n  @ s i n  y) - s i n  cx cos  @ s i n  y]  
V V 
a = s i n  Yv[cos  COS cos y - s i n  6 s i n  @ s i n  y) - s i n  cx c o s  @ s i n  y] 1 2  V V 
+ cos  \Yv[-cos cx s i n  B cos  @v + s i n  cx s i n  
The heading  a n g l e  e x p r e s s i o n  can  b e  s i m p l i f i e d  by deno t ing  t h e  c o e f f i c i e n t s  
of s i n  Yv, cos Yv i n  a12 as A, B and t h e n  w e  have 
a = A s i n  Yv + B cos 'r, 12 1 
= B cos Yv - A s i n  Y, a l  1 
-1 B -
A Y = Yv + t a n  J 
For passenger  o p e r a t i o n s  i n  STOL a i r c r a f t ,  t h e  a n g l e s  a, 6, y ,  0 can  be  
t aken  as s m a l l  a n g l e s  and second and h igher -order  terms (H.O.T.'s) i n  t h e s e  
a n g l e s  can  be n e g l e c t e d  t o  o b t a i n  t h e  approximat ion  
(D11) 
0 = y + a cos CP, + 6 s i n  Ov + H . O . T . ' s  
0 = CPV + H . O . T . ' s  
Y = YV + ci s i n  CP - 6 cos  CPv + H . O . T . ' s  
V 
A t t i t u d e  Rate Commands 
The body a x i s  a t t i t u d e  commands are c a l c u l a t e d  from t h e  f i v e  independent 
a n g l e s ,  { a ,  6, CPV, y ,  Yv}, and t h e r e f o r e  t h e  body ra te  commands can be  con; 
s t r u c t e d  from t h e  angu la r  ra tes  of t h e s e  a n g l e s  and o r i e n t e d  a long  t h e i r  
a p p r o p r i a t e  a x e s  abou t  which t h e  r o t a t i o n  o c c u r s ;  t h a t  i s ,  from t h e  v e c t o r  
i d  e n t i t y  
A l l  v e c t o r s  are  u n i t  v e c t o r s  from one o r  a n o t h e r  of t h e  a x i s  frames p r e v i o u s l y  
d e f i n e d ,  and a l l  can be  transformed t o  body a x e s  u s i n g  e q u a t i o n s  (D4)-(D6); 
t h a t  is ,  t h e  body a x i s  ra te  commands are 
o r  
s i n  a s i n  9, - cos  a s i n  f3 cos 9, 
cos a s i n  a cos f3 -cos a s i n  9, - s i n  c1 s i n  6 cos 
-cos a [ s i n  y c o s  6 + s i n  6 s i n  9, cos  y ]  - s i n  a cos  9, cos y 
- s in  y s i n  6 + cos f3 s i n  9, cos y 
- s in  a [ s i n  y cos  f3 + s i n  f3 s i n  9, cos y ]  + cos  a cos 9, cos y 
7 4  
The s m a l l  a n g l e  approx ima t fon - i s  :bt?ined by n e g l e c t i n g  t e r m s  which are second 
o r  h ighe r  i n  y, a, B ,  i, B ,  @,, y, Yv 
(w), =(:)& + ( ) b  +[)6v +(cot @, ); +(si: ..>. + H.O.T.'s (D14) 
- s i n  aV cos @, 
. .  
The angu la r  rates f o r  a,, y ,  Y ,  
t i o n  commands, u s i n g  e q u a t i o n s  (5) and ( 7 )  of t h e  text  
can b e  gene ra t ed  from t h e  nominal accelera- 
d 
vc g cos  y - ac n d t  i ;  - - (E - m) + H . O . T . ' s  
Of t h e s e  angu la r  ra tes  Yv ha s  a s t eady  v a l u e  du r ing  t u r n s  (of t h e  o r d e r  of 
3 t o  5 d e g / s e c ) ,  varies t r a n s i e n t l y  a t  t u r n  e n t r y  and e x i t  a n d - i s  zero  o the r -  
w i s e ,  and appea r s  i n  bo th  q ,  r .  The f l i g h t - p a t h  a n g l e  ra te  y occur s  
t r a n s i e n t l y  i n  r e l a t i v e l y  s h o r t  d u r a t i o n  f l a r e s  and p i t c h o v e r s  and a f f e c t s  q 
p r i n c i p a l l y .  The r o l l  ra te ,  6, occur s  on ly  t r a n s i e n t l y  a t  t u r n  e n t r y  and 
e x i t .  It is c a l c u l a t e d  from t h e  l a t e ra l  j e r k ,  which i s  a v a i l a b l e  from t h e  
command gene ra to r  as a r e s u l t  of i t s  t r a n s i t i o n  maneuver fommand g e n e r a t i o n  
c a l c u l a t i o n s .  Of t h e  remaining ra tes  i n  equa t ion  (D14), Bc(t)  can be  assumed 
zero  a lmost  everywhere,  and GC 
ou tpu t  of t h e  trim s o l u t i o n  a lgo r i thm.  However, f o r  t h e  nominal p a t h ,  c1 
and y t r a n s i e n t s  are  a s s o c i a t e d  b u t  t h e  c1 t r a n s i e n t  u s u a l l y  h a s  a h ighe r  
f requency and is less s i g n i f i c a n t  as a ra te  command f o r  fo l lowing  t h e  nominal 
maneuver. 
can b e  cons t ruc t ed  as t h e  d e r i v a t i v e  of  t h e  
S t a b i l i t y  Axis S p e c i f i c  Force Commands 
The i n p u t s  t o  t h e  b a s i c  Trimmap are  t h e  s t a b i l i t y  a x i s  components of t h e  
a p p l i e d  s p e c i f i c  f o r c e  commands. T h i s  a p p l i e d  s p e c i f i c  f o r c e  command, r e f e r -  
enced t o  p a t h  axes, i s  r e a d i l y  computed from t h e  commanded a c c e l e r a t i o n  ac 
and a i r  v e l o c i t y  v e c t o r  V X ,  u s ing  equa t ions  ( 3 )  and ( 6 )  from t h e  t e x t  
- 
ac c o s  y 
This  i s  t ransformed t o  s t a b i l i t y  axis components u s i n g  (D6) 
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- s i n  B c o s  Qv - s i n  B s i n  Qv 6) = E3(-B)E1(QV) E) = 1:: ," c o s  B c o s  Qv c o s  B s i n  (D17) 
- s i n  Qv cos  QV 
These t h r e e  e q u a t i o n s  c o n t a i n  f i v e  unknowns: Normally, 
it i s  assumed t h a t  B y  Ay are ze ro  a f t e r  which 4, A,, Qv can  be  so lved  
w i t h  t h e  s a m e  r e s u l t  p r e v i o u s l y  g iven  by e q u a t i o n  ( 7 ) .  More g e n e r a l l y ,  t h e  
s t e a d y - s t a t e  v a l u e  of Bc need n o t  be  ze ro ,  as i n  decrabbed f l i g h t  i n  t h e  
p re sence  of la teral  winds, and can  be assumed g iven  independent ly  of t h e  
t r a j e c t o r y  command. The v a l u e  of A i n  t h i s  c a s e  is n o t  a r b i t r a r y  b u t  
fo l lows  from Bc and t h e  d i r e c t i o n a r  e q u i l i b r i u m  of t h e  a i r c r a f t ;  i n  s t e a d y  
s t a t e ,  B g e n e r a t e s  both  l a t e r a l  a c c e l e r a t i o n  ( p r o p o r t i o n a l  t o  Cy6B) and 
yawing moment ( C n  6) which is  balanced by a d d i t i o n a l  l a t e ra l  f o r c e  from t h e  
rudder .  
B ,  Qv, %, +, A,. 
The r e s u  B t i n g  l a t e ra l  a c c e l e r a t i o n  i n  s t e a d y  s t a t e  i s  then 
where b y  R, are,  r e s p e c t i v e l y ,  t h e  wingspan and t h e  moment a r m  of t h e  
rudder  c e n t e r  of p r e s s u r e  about  t h e  a i r c r a f t  c e n t e r  of g r a v i t y .  Consequently,  
equa t ion  ( D 1 7 )  can  now be solved f o r  Ax, A,, Qv assuming t h a t  A,, p4n, An 
and Bc a re  g iven  and t h a t  Ay is  computed from 6,. The s o l u t i o n  i s  
CAU 
A - s i n  B 
U 
Ax = cos  Bc 
- 
G2 A, = - + An2 - 
where 
A - s i n  BcAu 
* Y  A =  
Y c o s  Bc 
A" 
c = sin-1 
i4n2 + An2 
Equat ions  (D16) , ( D 1 8 )  , and (D19)  comprise the  map of the  a p p l i e d  s p e c i f i c  
f o r c e  commands t o  s t a b i l i t y  axes  used i n  t h e  Trimmap of f i g u r e  25. 
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TABLE 1.- TABULATED AWJSRA ENGINE MODEL - ONE ENGINE, 























LO , 688 
LO, 928 






THROTTLE - POWER RELATION 
92.5 
16 , 521 
16 740 









21 , 506 
21,692 
24 , 309 








26 , 098 
26 , 256 
28 , 518 
14,684 
14 , 632 
















- % N  6 
Tc - % N  
6 
. .- . - 
JT m - % kg/se E 6  
m 
E % kg/hr 
6G 
Note: Throttle-power relation: 
1 3 ~  = max(0.0618 NH, 1.3866 NH - 107.17) 
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1 . 2  




























1 .2  






1 .006  
1 .062 
1 .080  






1 . 2  

















.040 -. 050 






-. 155  -. 280 
-. 550 
-1.110 











0.073 -. 124 -. 324 




- .070 -. 270 
























0.095 -. 105 
-. 299 





-. 1 6 0  

























F l a p  
0.136 
-. 062 -. 256 
-. 446 -. 638 
-1.023 
-1.780 
. . -. 
9.5 
5.6 
0.188 -. 005 -. 198  -. 378 -. 570 
-. 949 
-1.674 













.150 -. 050 -. 480 








































13 .5  
0 .261 
.070 




























. .  
1 7 . 5  1 19.5  
0.375 
.200 
.018 -. 1 6 1  -. 337 
-. 690 
-1.294 





-. 010 -. 250 
-. 620 












1 .100  
1 .150  







1 .400  



























1 .050  
1 .200  
1 .285 





1 .140  






















1 .050  
1 .260  






1 . 3 8 0  
1 .660  
1 .925 
2.140 










TABLE 2.- CONCLUDED. 






1 . 0 2 8  
1 0- 
I .2 
I - 4  
1 .6 
i 
I - 8  
11 .2  
1 2 . 0  
1 
I 
! -  - 
1.004 
1 .073  
1 . 1 4 4  
1 .212  
1.269 
1 .364  
1 . 5 6 5  
f ( j  
1 .2  




1 2 . 0  
I - =  
0 . 8 3 1  




2 .594  
2 .998  
I 
1 . 1 5 3  
1 .880  
2 .395  
2.644 
2.825 







1 . 2  
2 . 0  
1 . 2 6 8  
1 . 9 1 4  
2 .367  
2 . 7 3 3  
2 .902  
3 , 1 3 1  
3 .658  








1 . 5 4 2  
2 .234  
2 .759  
3.124 
3 .325  






. 8  
1 . 2  
2-. 0 
1 . 3 4 4  
2 .248  
2 .847  
3 . 3 1 3  
3 .532  
3 .662  
3 .999  
-0.. 9 2  8 -. 935 
-. 9 4 8  
-. 965 -. 9 7 1  
-1 .052  
-1 .149  
1 .615  
2.588 
3.217 
3 . 7 1 1  
3 . 9 5 3  
4.116 
4 .470  
- -  





. 7 7 1  . -  
~- 





1 . 0 2 1  
1 . 4 3 0  
~ . .  . .  
-0.007 
.753  
1 . 1 9 4  
1 . 5 1 0  
1 . 5 9 4  
1 .647  
. -  1 . 8 1 5  
0 . 1 0 9  
. 8 7 1  
1 . 3 5 4  
i. 7 2 1  
2 . 0 6 0  
2 . 4 5 2  
3 . 0 3 1  
-0.-577 




-. 5 9 1  -. 6 1 4  





1 .096  
- 1.357-  
0 . 2 5 6  
. 8 9 3  
1 . 1 4 3  
1 . 3 2 1  
1 . 4 1 7  
1 .587  
2 . 0 2 4  - -  
0 . 3 3 0  
1 . 1 6 3  
1.709 
2 . 0 0 1  
2.137 
2 . 1 9 8  
2 .448  . - -  
0 . 4 3 6  
1 . 1 5 2  
1.687 
2.096 
2 . 4 5 0  
2 . 8 2 3  
3 .435  
-0.207 
-. 1 7 2  
-. 1 6 3  
-. 1 4 9  





1 . 1 3 9  
1.327 
1 . 4 3 5  
1 . 5 9 8  
1 . 9 1 5  
0 . 5 9 6  
1 . 2 1 8  
1 . 5 7 0  
1 . 8 3 2  
1 .968  
2 .120  
2 .559  
0 . 6 8 9  
1 . 5 5 9  
2 . 1 0 3  
2 . 4 5 1  
2.630 
2 .715  
2 .989  
0 .788  












. 4 8 1  
0 . 4 7 4  
1 . 1 1 6  
1 . 5 7 3  
1 . 7 9 3  
1 . 9 1 0  
2 .102  
2 . 4 7 3  
0 .946  
1 . 5 9 0  
1 . 9 9 4  
2 . 3 1 1  
2 .427  
2 .627  
3.095 
1 . 0 4 2  
1 . 9 0 4  
2.492 
2 . 8 9 4  
3 .087  
3 . 1 9 4  
3 . 5 0 9  
1 :039 
1 . 8 0 2  
2 .423  
2.874 
3 . 2 2 9  
3 . 6 4 4  
4 .287  
1 .337  
2 . 1 1 2  
2 .795  
3 . 2 6 1  
3 .626  
4 .037  
4 . 7 3 8  
1 . 5 4 2  
2.429 
3.154 
3 .640  
3 . 9 8 8  
4 .455  
5 . 1 2 1  
1 . 3 5 3  
1 . 4 4 4  
1 .525  
1 . 5 9 4  
1 . 6 5 1  
1 .807  
2.078 
1 .446  
2 . 2 2 3  
2 .767  
3.027 
3 . 2 3 8  
3 .525  
4 . 0 4 4  
1 . 7 9 5  
2 .559  
3.067 
3 . 4 8 3  
3.702 
4 . 0 5 9  
4.632- 
i . 8 6 0  
2 . 9 1 8  
3.545 
4 . 0 4 3  
4 . 3 1 3  
4.514 
4.897 
1 . 7 7 3  
2 .743  
3.519 
3 .975  
4 .386  
4 .849  
5 .  562  
1 . 6 7 6  
1 .782  
1 .874  
1 . 9 4 3  
2 .050  
2 . 2 2 2  
2.589 
1 . 6 7 3  
2 . 5 1 2  
3.077 
3 .346  
3 .575  
3 .919  
4.5 1 9 
1 . 9 8 1  
2 . 8 3 0  
3 . 3 8 9  
3 . 7 8 8  
4 .047  
4 . 4 1 8  
5 .056  
2 . 0 3 4  
3 .200  
3 . 8 5 8  
4 . 3 1 3  
4 . 6 1 1  
4 . 8 7 3  
5 .25-6 
1 . 9 0 1  
2 . 9 8 1  
3 . 7 9 8  
4 .337  
4 . 7 3 8  
5.272 
5.996 
~ _ _  
1 . 7 4 8  
1 . 9 5 0  
2.032 
2 . 1 2 0  
2 .218  
2.405 
2-. 818  . ~ ~~~ 
. ~ _ _ _  
1 . 7 6 1  
2 . 6 3 1  
3.216 
3 . 4 7 3  
3.713 
4 .074  
4 . 7 1 9  
. -~~ -~ 
2.059 
2 .989  
3 . 5 0 0  
3.917 
4 .189  
4 . 5 6 8  
5 . 2 1 5  
I_ 
~~ ~~ ~~ 
2.092 
3 . 3 2 8  
3 . 9 8 3  
4 .426  
4 . 7 1 4  
4.966 
5 .389  - i__ 
_~ 
1 . 9 9 3  
3.136 
3 .913  
4 . 4 9 9  
4 .840  
5 . 3 0 3  
6 .037  - .~ 
1 . 6 2 4  
2.040 
2.254 
2 .352  
2.462 
2 . 6 5 1  
3 .055  
1 . 5 9 8  
2 . 7 2 3  
3 . 1 7 4  
3 .236  
3 .320  
3 .562  
4 . 1 5 0  
2 . 1 1 2  
3.216 
3 .475  
3 . 6 9 4  
3 .850  
4 . 0 6 4  
4 . 6 3 1  ___- 
2.108 
3 . 3 6 3  
3.874 
4 . 0 8 0  
4.167 
4 .376  
4 . 7 1 9  
1 . 5 2 1  
2 .954  
3 .365  
3 . 4 9 8  
3 . 9 1 3  
4 .359  
5 . 0 8 9  
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TABLE 3.- AWJSRA ELEVATOR TRIM SETTINGS - DEG 
11.2 7.6 3.8 0.2 
9.8 6 .7  3.3 .1 
9.4 6.6 3.5 .6  
8 .6  5 .9  3.0 .5  









-2.3 - - - - . O  -6.0 
. ~- 
10.8 ~ 6.7 3.c 0.4 -1.1 
7.8 4.6 1 . 4  -.5 -1.4 
4.9 1.8 -.6 -2.2 -2.9 
1 .0  -1.4 -3.0 -3.8 -4.4 
-2.1 -3.9 -5.2 -6.2 -6.3 
-7.9 -9.3 -10.2 -10.9 -11.0 






























-10.6 _ _ _  
1 -  3,5 
~ 2.7 
1 . 9  






. 4  
.6  
.8 




. 2  
. 4  
. 6  
.8 




O S  
- 2  
. 4  
.6  
.8 









F l a p  = 30.0 





















































5 . 9  






-.3 -2.1 -4.0 -5.8 
-3.9 -5.0 -6.2 -7.8 
-7.1 -8.0 -9.1 -10.3 
-12.1 -12.9 -13.5 -14.7 









I _ .  
-1.6 
.1 





~ - _  
--- 
.8 -.l 
1 .2  -6.2 
2.0 -15.6 
- ~~~ . .  
-1.2 









1.2 2.9, -.7 
2.0 -5.0 -3.0- 
-= - - 
-0.8 
.8 
1 . 7  





. 3  




0 . 1  
.8 











1 . 2  
-. 5 
82 












A A  
Rv vr 1 PATH 
z ERROR 













(6f. 6t. Y, 6eTIc 
Figure 1.- Automatic control logic - AWJSRA. 
00 
W 
I BASIC TRIMMAP 
(Au, AN. V E I q  
AUTOMATIC 6 f c  
CON Fl GU RATION 
SCHEDULE 
w 
1, 6F vc I 
* act, 
I I  
E LEVATOR 
w 
(AUc, ANc) TRIM 
SOLUTION ffc 
ALGORITHM ffC FUNCTION MAP (aapp)r 
TO STAB1 LlTY 
AXES & 
COMPUTE VELOCITY ffc - EULER ANGULAR RATES $vc, TC,  It,
* ATTITUDE & ($, 8. *Ic 
ANGULAR -






























(a) Transformation angles. (b) Path and runway axes. 
Figure 3.- Axis systems and transformation angles. 
MAXIMUM 
REGION OF NOMINAL 
ACCELERATION COMMANDS 
FOR AWJSRA / 
LOCUS OF STEADY 
r - - -  TURNS ($" = 20') 
I 
LOCUS OF STATIC ,f / EQUILIBRIUM 
Y = -30 ' 30 L _ _ _  ,--J 
I I I 
-.5 0 .5 
I 0 
-1 .o 
LONGITUDINAL SPECIFIC FORCE, A,, g 









AT Y = -7.5" 





-.3 -.2 -.I 0 .I 
A,, 9 
Figure  5.- Applied s p e c i f i c  f o r c e  commands - t r a n s i e n t  commands f o r  f l i g h t -  
p a t h  a n g l e  changes.  
1. STRAIGHT/LEVEL FLIGHT 
2. DESCENDING TURN 
3. DECELERATING LEVEL FLIGHT 
6. DECELERATING GLIDE SLOPE 
4-5. LEVEL TURN WITH STEADY WIND 
LONG ITUDl NAL APPLl ED 
SPECIFIC FORCE, A,, deg 




DUCT AND NOZZLE 
REAR SPAR \ 





ENGINE EXHAUST NOZZLES 









v =  
V, = 120 knots 
A,, = O  
AN = 1 
r = I  
6 = I  
w =w, 
75 6f. deg 
80 
\ 5.6 
I I I I I I 
10 15 20 25 30 35 40 
THROTTLE, deg 
(a) Level  f l i g h t .  











- v.des 6 30 60 70 An 85 
10 
V, =65knots 
A, = .9914 
7 = 1  
6 = 1  
A, = -.1305 










(b) Gl ide  s l o p e .  











w =  
r =  
6 =  
















'-\ 45 ws .- 
50 
L U I U  I K U L  
MARGIN 
I . I  I I I --I 
15 20 25 30 35 40 
THROTTLE, deg 
(a )  Level f l i g h t .  









5 -  
ACCEPTABLE 
TRIM SETTINGS 
0 -  
VE = 65 knots 
A, = 0.1305 
-5 - A, = 0.9914 
I 
.. 
w = w, 
7 = 1  
s = 1  
I 1 ~~ I I I 




(b) G l i d e  s lope .  
F igu re  9. - Concluded. 







(2) VE C 
AUTOMATIC 
CONFIGURATION 
SCH EDU LE 
I I t TRIM SOLUTION ALGORITHM (REGULATOR CONTROLS) 
( a )  Sepa ra t ion  i n t o  scheduled 
and feedback  c o n t r o l s .  












(b) Basic Trimmap - AWJSRA. 
Figure  10.- Basic Trimmap s t r u c t u r e  - AWJSRA. 
9 2  
1.4 
1.2 














U J  
J 
.4 
.2 1 I I 1 
-.4 -.2 0 .2 .4 
LONGITUDINAL SPECIFIC FORCE, A,, g 
Figure  11.- Regula tor  c o n t r o l  regime - f i x e d  n o z z l e  mode; 





















6, = 65" 
v, = 65 knots 
P =P, 
- -  
I I I I I 
~ 
-.6 -.4 -.2 0 .2 .4 
LONGITUDINAL SPECIFIC FORCE, g 
F i g u r e  12.- Con t ro l  regimes f o r  t h e  r e g u l a t o r  modes - g l i d e  s l o p e ;  






















F i g u r e  13.- Regula tor  c o n t r o l  regime f o r  t h r e e  c o n t r o l s  and mode swi t ch ing  
diagram - g l i d e  s l o p e .  
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+l 
6 t  = 64-1  
FIXED 
THROTTLE 
NO SOLUTION t l l  FIXED ALPHA I MODE 
NOTE: ( I(-) INDICATES VALUES RETAINED FROM THE PREVIOUS CONTROL CYCLE 












Steady flight limits 
6f E [5.6", 6 (VJl 
fmax 
6, E hmin (6f). 6tmaxl 
v E [6,1041 
LM(Z,iT,i) 2 LMmin(6f) 
9 E [-IOo, 15OI 
9 > 2" a t  touchdown 
CMg (Z,B) > 0.25 
S (x,u) E [-17O, 7'1 
f 
eT 
Regulator usage limits 
- 
01 E [-10.5', 0 1 ~ ~ ~ , ~ ~ ~ ( V ~ ) l  
6, E [-25O, 15OI 
( a )  C o n s t r a i n t  l i s t .  
FLAP, deg 
0 50 100 150 200 
EQUIVALENT AIRSPEED, knots 
(b)  F l ap  extremes. 
F igu re  15.- Opera t iona l  c o n s t r a i n t s  on c o n t r o l  s e t t i n g s  - AWJSRA. 
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I ', / I '  
I- 
I-- %TALL 
LM = 0.15 
o(MAX, REG ------- --- 
MINIMUM LIFT MARGIN 
BOUNDARY 
6 t  = 25.6' 
6 t  = 6 t  min 
- 
0 -  
6f = 6fMA)( (v,) 
ii = R  










' I  
221 1 I 'I 
.9 1 .o 1.1 
STAGNATION TEMPERATURE 
RAT1 0, Tof288.16 K 
(c )  T h r o t t l e  extremes. 
(d) Maximum t h r o t t l e  f o r  
r e g u l a t o r  usage. 
( e )  Upper l i m i t s  on a n g l e  of a t t a c k  f o r  l i f t  margin 
c o n s t r a i n t  and r e g u l a t o r  usage. 
F i g u r e  15.- Concluded. 
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( f )  A, = -0.15 
J 
U r --\ 
6o r x 
( c )  % = 0.12 ( g )  AU = -0.18 
50 100 150 200 50 100 150 200 
VE, knots 

















6 f  =65 -3  '. 
BOUNDARY OF ACCEPTABLE 
FLIGHT CONDITIONS 
(p=p,,A,=I) / 













Figure  17 . -  Nominal f l a p  schedule :  contour  p l o t .  
100 
(a) Flap command rates for speed 
aF* changes Q, -<%, V E ) .  
aVE 





I I I 
100 150 200 
V,, knots 
(b) Flap command rates for flight- 
path angle changes % - (b, VE). a F* ab 





















v, = 6 5  knots 
6f =65"  
if = &  
I I I .2 
LONGITUDINAL SPECIFIC FORCE, A,, g 
1 
.4 
19.- Cont ro l  regimes f o r  f ixed-nozz le  mod 
6f = 65", = i j S .  




















OPTIMUM NOZZLE ANGLE uMAX 
I I \ \  2 
/ 
I5 ,5 
-0.1 -0.15 -0.2 
(a)  VE = 65 knots .  
0 -0.1 -0.2 
/ I 
A, = 0.1 
0 20 40 60 80 100 
NOZZLE ANGLE, deg 
(b) VE = 160 knots .  
Figure 20.- E f fec t  of nozzle  angle  on c o n t r o l  margin and t h r o t t l e  s e t t i n g  





















EQUIVALENT AIRSPEED, VE, knots 
(a )  Nozzle a n g l e  f o r  maximum c o n t r o l  margin - contour  p l o t .  





















' = 'MAX 
-- LM = LM,,, 
UNCONSTRAINED MAXIMUM CM 
\ 
I I 1 I I 1 I 
60 80 100 120 140 160 180 200 220 
EQUIVALENT AIRSPEED, knots 
(b) Regions of c o n s t r a i n t  s a t u r a t i o n .  
F i g u r e  21.- Concluded. 
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u*(x) = min( l04 ,  max[Po(x)Pl (x),q(x),61} 
6 -  645.33(Au - A) [ I  + 1.57(A, - A ) ]  A, - A 2-0.318 
A, - A < -0.318 (1 04 
q(x)  = 
A = min(A, ,  A,) 
A,  = 0.25(1.12 - AN) - max 0, min 0.15(1.14- AN),  0.06]}* m a x b ,  min [(VE - 100)/20, j} { [  
A, = 0.0025 [50(4.4 - AN) - VE] 
P,(x) = a ,  - 180 A, 
a, = min(65, 125(1.52 - AN),  4(vE, - vE)) 
VEo = max(77,65(2.185 - AN)) 
P ,  (x) = a ,  + mint0, 600(A, - 0.065)} 
a ,  = min{80,75(1.867 - AN),  4 [ 2 1 . 8 7 5 ( A ~  + 2.97) - VEI l  
V,, knots 
(a )  Funct ion  gene ra to r  f o r  ;* and domains of each of t h e  
gene ra t ing  f u n c t i o n s  a t  AN = 1. 










60 50 D 
\ $*, deg 
+- 
50 70 90 110 130 150 170 190 210 230 250 
V,, knots 
(b) Nozzle schedu le  - contour  p l o t  (AN = 1). 










E LIFT MARGIN ABUSE REGION 
1 1 1  I I THROTTLE ABUSE REGION 
# PITCH ATTITUDE ABUSE REGION - 
CONTROL MARGIN ABUSE REGION 
50 70 90 110 130 150 170 190 210 230 
EQUIVALENT AIRSPEED, knots 
( c )  Nozzle schedule :  a c c e p t a b l e  f l i g h t  envelope  and envelope 
abuse  b u f f e r  r e g i o n  (AN = 1, p = ps,  6f  = F*). 













50 70 90 110 130 150 170 190 210 230 250 
EQUIVALENT AIRSPEED, knots 
(a) Throttle setting, deg. 
Figure 23 . -  Trim solutions for automatic configuration schedule - -  




50 70 90 110 130 150 170 190 210 230 250 
V,, knots 
(b) Angle of a t t a c k ,  deg. 
F igu re  2 3 . -  Continued. 
110 
EQUIVALENT AIRSPEED, knots 
(c) T r i m  e l e v a t o r  s e t t i n g ,  deg. 






50 70 90 110 130 150 170 190 210 230 
V,, knots 
(d) L i f t  margin,  g .  
50 70 90 110 130 150 170 190 210 230 
VE, knots 
1 1 2  
(e )  C e n t r a l  mode c o n t r o l  margin,  C M G f y V ,  g. 




































I 1 I u 
RY 
-.3 -.2 -. 1 0 .1 .2 .3 
A, LONGITUDINAL APPLIED SPECIFIC FORCE, g 
I. I I _ .  I I d  
-15 -10 -5 0 5 10 15 
SIN-' (A,) EQUIVALENT FLIGHT-PATH ANGLE, deg 
(a )  Acceptable  f l i g h t  envelope and envelope abuse b u f f e r  r eg ion .  
F igure  24.- Trim s o l u t i o n s  f o r  t h e  c o n f i g u r a t i o n  schedule  - 













-.3 -.2 -. 1 0 .1 .2 .3 
A,. 
(b) Nozzle schedule contour plot (VE = 80 knots). 













n ; 1.2 
w 











1 I I I I I 
-.2 -. 1 0 . I  .2 
LONGITUDINAL APPLIED SPECIFIC FORCE, g 
(c )  T r i m  t h r o t t l e  s e t t i n g  contour  p l o t  (VE = 80 knots). 










.4 1 1 . I  1 1 1 
-.2 -.I 0 .I .2 .3 -.3 
A,. 9 
(d)  T r i m  a n g l e  of a t t a c k  contour  p l o t  (VE = 80 k n o t s ) .  













(e )  T r i m  e l e v a t o r  s e t t i n g  contour  p l o t  (VE = 80 k n o t s ) .  
F i g u r e  24.- Concluded. 
11 7 
MAP TO STABILITY 
AXIS COMPONENTS 
6, 6f .  VEr vEc -
- & r L ' A u f  MAP TO STAB1 LlTY AN)c 
EO. (D4) actp EQS. (D18),(D19) 7 'vc Tpr(Y. *"I AXIS COMPONENTS 
t '+ I 
BASIC TRIMMAP 7 
CONFIGURATION 
SCHEDULE: 
F' (9 EQ. (39 
v*  (2) FIG.22(al 
- 




u+ (6f,  v, x. P I  









EQ. ( 4 ) 
F i g u r e  25.- AWJSRA Force Trimmap. 
h 
X 
-2000 -4000 -6000 m 2000 0 




























































































! 6 . -  Four-dimensional s i m u l a t i o n  tes 














































DESCND'G DECEL'G DECEL'G 
TURN I LEVEL LEVEL TURN GLIDE I DECELERATING HELIX , GLIDE SLOPE FL?RE 
I I I I I I I 
I I 
STEADY WIND WIND SHEAR' 
H I---- 
MODEL ERROR STEADY WIND 
(a) Acceleration and speed commands. 
Figure 27.- Simulation test path. 
30 r MAXIMUM ACCEPTABLE STEADY THROTTLE 
S/L DECEL'G 
, I  , LEVEL , 
I ,  
DECE L'G DECEL'G GLIDE SLOPE FLARE , GLIDE I HELIX ~ I I 
H +----------1 I I 
MODEL ERROR STEADY WIND STEADY WIND WIND SHEAR 
(b) Con t ro l  commands t i m e  h i s t o r i e s .  






















- / c +-:e-- - .-.--- 
I v I I I I I 
40 80 120 160 200 240 280 320 360 400 -3 - 0 
DESCND'G DECEL'G DECEL'G DECEL'G 
T U R N ,  LEVEL LEVELTURN GLIDE , HELIX GLIDE SLOPE FLfRE 
I I 
I - 1  I 
STEADY WIND WIND SHEAR 
H 
MODEL ERROR 
( c )  T r a j e c t o r y  e r r o r s .  
F i g u r e  27.- Concluded. 
1 2 2  










F = &  
6f = F* 
v = v* 
I LEVEL TURN 
NO WIND PATH 
DESCENT 
I I I -L 
70 90 110 130 150 
VE, knots 
(a )  T r a j e c t o r y  a c c e l e r a t i o n  and speed l o c u s .  
F igu re  28.- S imula t ion  test  p a t h .  






I T.D. t 
START 
0 20 40 60 ao 
NOZZLE, deg 
(b) Locus of c o n f i g u r a t i o n  commands. 
F igu re  28.- Concluded. 
124 
V = AIRCRAFT VELOCITY VECTOR 
is, k, = STABILITY AXES 
a, v 
LT = TAIL LIFT 
= ANGLES OF V, T VECTORS FROM BODY LONGITUDINAL AXIS 
L, D = WING-BODY AERODYNAMIC FORCE COMPONENTS 
D R ~ T H  = ENGINE RAM DRAG AND THRUST FORCES 
Figure  29.- Engine and aerodynamic f o r c e s  - AWJSRA. 





6, deg - 
- 
0 50 100 
I POWER SETTING, rpm/121.35,NH 
0 -  
CORRECTED 
MASS FLOW 50 
6 











FUEL FLOW 2000 
I 1 I 
V, knots 1 20 
I 0 
50 70 90 110 
CORRECTED POWER SETTING, N H / ~  
CORRECTED 
COLD THRUST 10 
Figure  30.- AWJSRA engine  model - one eng ine ,  h o t  t h r u s t ,  co ld  t h r u s t ,  
mass f low,  f u e l  f low and th ro t t l e -power  r e l a t i o n .  
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F igu re  31.- Engine output  a t  maximum cont inuous  power (N = 95.8) :  two 
H engines  
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F i g u r e  32. -  L i f t - d r a g  p o l a r s  - AWJSRA. 
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Figure  3 3 . -  AWJSRA e l e v a t o r  t r i m  s e t t i n g  - 6eA(6f ,  a, CJ). 
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F i g u r e  3 4 . -  Cont ro l  margin d e f i n i t i o n .  
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Figure 35.- Acceleration envelope, dd (VE, p); 6f = 65", VE = 65 knots, 
f 
P = Ps. 
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Figure  3 6 . -  T e s t  f o r  e x i s t e n c e  of c o n t r o l  margin.  
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Figure  37.- Minimum d i s t a n c e  from 5; t o  a l i n e  segment, L.  
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